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Preface 


I am pleased to have had the opportunity to present an overview of red cell mem¬ 
branes in normal and disease states with my background of nearly 30 years in this 
area of research. 

I believe that this kind of publication on red cell membrane is a very timely sum¬ 
mary of all the results obtained by the tremendous efforts worldwide by all of the 
scientists in this field during the past few decades. 

As reviewed in Chapter 1, the general concepts of red cell membrane abnormal¬ 
ities and the categories of each red cell membrane disorder are now well estab¬ 
lished. Clinical and biochemical analyses of these abnormalities were nearly com¬ 
pleted in the 1980s, and most of their genotypes have also been disclosed in the 
1990s. Thus, we are able to obtain a perspective view of these disorders. 

However, it is also true that we have actually studied the genomic mutations per 
se of determined red cell membrane protein genes at one pole, and also the protein 
abnormalities in peripheral red cells at another pole. Thus, we have to realize that 
only some parts of the steps between genomes and proteins have been clarified. 
Postgenomic investigations will become crucial to elucidate the pathogenesis of 
red cell membrane disorders in the future, that is, genetic and epigenetic modifi¬ 
cation, the expression of mRNA, protein synthesis in the Golgi apparatus, protein 
precursors and their isoforms, trafficking of proteins in cytoplasm in the cell, in¬ 
corporation of preformed proteins into the stereotactic ultrastructure, functions 
with these membrane proteins under the environment of the lipid bilayer. 

Therefore, we should carefully evaluate the results obtained in the genotype and 
take the peer look on the scientific achievements in the phenotype. We have to 
revisit many of the wonderful papers which have been published. 

I started my academic career in hematology at the Third Department of Internal 
Medicine, the University of Tokyo in 1963 after finishing clinical training of three 
years including internship there. My research topics were storage iron metabolism 
and glycolytic enzymology, especially glutathione metabolism (directed by Profes¬ 
sor Kiku Nakao and Dr. Masao Hattori). 

I extended my research on glutathione reductase at the UCLA Harbor Campus 
in Hematology (Director: Professor Kouichi, R. Tanaka) in 1969-1971. In 1970, a 
breath-taking procedure at that time was published, that is, the sodium dodecylsul- 
fate polyacrylamide gel electrophoresis (SDS-PAGE), which enabled red cell mem- 
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brane proteins to be solubilized completely. I decided to move to the University of 
Minnesota Medical School (Hematology), where Professor Harry S. Jacob postu¬ 
lated the presence of abnormalities of membrane proteins in red cell membrane 
disorders (see Chapter 1). I initiated studies of a possible role of cyclic nucleotides 
for red cell membrane protein function (1971-1974) in addition to research on 
hyperalimentation hypophosphatemia and uremic hemolysis. 

In 1974, I was promoted to Associate Professor of Medicine, soon after to Pro¬ 
fessor of Medicine (Hematology), Chief, Division of Hematology, Kawasaki Medical 
School, Kurashiki City, Japan, where Professor Susumu Shibata, the famed scien¬ 
tist in hemoglobinopathy research, was the Director. I immediately started to set up 
my own laboratory for red cell membrane research and prepared a standard screen¬ 
ing protocol (see Chapter 9). Since that time, I devoted myself for 24 years to mem¬ 
brane research until my mandatory retirement in 2001. 

I was so pleased to have been at the Kawasaki Medical School, where research 
circumstances were excellent, with seven independent research centers, especially 
the Research Centers for Biochemistry (I was the Director in 1996-2001), for Elec¬ 
tron Microscopy, and for Immunology and Cell Culture. These research facilities 
were so helpful for my membrane studies. I was also supported by research grants 
from the Kawasaki Medical School continuously. 

My laboratory has been the reference laboratory assigned to the Research Com¬ 
mittee for Hemolytic Anemias and further for Idiopathic Disorders of Hematopoie¬ 
tic Organs from the Japanese Ministry of Health and Welfare of the Japanese 
Government. I greatly appreciate the nationwide assistance for my research for 
red cell membranes. The extensive scientific support by Grants-inAid for Scientific 
Research and International Research Program: Joint Research from the Ministry 
of Education Science, Sports and Culture of the Japanese Government should 
also be mentioned. From this background, I have had the opportunity to study 
1014 patients of 605 families with red cell membrane disorders in Japan. 

From these standpoints, this book is aimed to review the present status in red 
cell membrane research in normal and disease states. For this purpose, my own 
experience in cases with red cell membrane disorders are widely utilized, with 
many electron micrographs and figures being provided for comprehensive under¬ 
standing. I would like to express my sincere appreciation to the many scientists 
who gave me their permission to use their original figures and tables, which 
were previously published in their articles. 

I do hope that this book will help readers to appreciate the achievements in this 
field of science, which were obtained by timeless efforts by investigators with their 
tears and joy, and to guide the research projects into the future. This was the major 
rationale why I decided to start writing this monograph. 

Finally, I would greatly express my sincere appreciation to Professor Samuel 
E. Lux, IV, who was graceful enough to write a forward for this book. He is a 
most respected and distinguished scientist with tremendous knowledge and experi¬ 
ence in this field. 

January 27, 2003 Kurashiki, Japan 
Yoshihito Yawata, M. D., Ph. D. 


Foreword 


The erythrocyte membrane is less than 0.1 % of the cell’s thickness and only about 
1 % of its weight, but it is important. It sequesters glutathione and other com¬ 
pounds required to keep hemoglobin reduced and functional, and selectively 
retains vital metabolites, while allowing metabolic debris to escape. It perfectly 
balances cation and water concentrations so that red cells do not shrink or 
burst, and simultaneously exchanges tremendous numbers of bicarbonate and 
chloride anions, which aid transfer of carbon dioxide from the tissues to the 
lungs. It fashions a slippery exterior so that red cells cannot adhere to each 
other or to vessel walls and clog capillaries. Finally, buttressed on the inside by 
the “membrane skeleton”, a geodesic-like protein structure, the erythrocyte 
membrane achieves the critical combination of strength and flexibility needed to 
survive for four months in the circulation. Failure of any of these, or numerous 
other functions, shortens red cell survival, and leads to disease. 

Professor Yoshihito Yawata examines all aspects of the erythrocyte membrane in 
this book, which is, I believe, the first book devoted solely to this important struc¬ 
ture. There is a special emphasis on the red cell membrane skeleton and mem¬ 
brane diseases. These are areas in which Prof. Yawata is particularly expert. Fie 
was first introduced to red cell membranes in the early 1970’s, during his training 
with Dr. Flarry S. Jacob in Minnesota. Following his return to Kawasaki Medical 
School, he established a laboratory devoted to the study of red cell membrane 
diseases and soon became a national referral center and a Japanese government- 
assigned reference institute. 

Prof. Yawata was Professor of Medicine at Kawasaki Medical School, and Chief of 
the Division of Flematology until 2001. Fie is now Professor Emeritus. Fie served 
two terms as Director of the Japanese Society of Flematology and was President 
of the Japanese Society of Clinical Hematology in 1999-2000, a high honor. 
Prof. Yawata has been greatly aided in his membrane work by his lovely wife, 
Dr. Ayumi Yawata, who is an expert electron microscopist, and whose wonderful 
pictures appear throughout the book. 
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Foreword 


During his career, Prof. Yawata and his colleagues have studied more than 1000 
patients with red cell membrane diseases, probably more than any other laboratory 
in the world. This book is his magnum opus, the summation of his life’s work, and 
will be a invaluable resource for all of us who are interested in the red cell. 

Samuel E. Lux IV MD 

Robert A. Stranahan Professor of Pediatrics 

Harvard Medical School 

Chief, Division of Hematology/Oncology 

Children’s Hospital Boston 
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1 

Introduction: History of Red Cell Membrane Research 


i.i 

Invention of Optical Microscopes and Their Application to Hematology 

To identify abnormalities in blood cells as the pathogenesis of blood diseases, 
recognition of these blood cells is an absolute prerequisite. For this purpose, inven¬ 
tion of instruments to identify such small blood corpuscles, which could not be 
seen with the naked eye, was definitely to be expected. The history of the develop¬ 
ment of the light microscope is also a history of hematology, and particularly of 
blood cytology [1, 2]. 

It was Roger Bacon (1214—1294) in England who first discovered the fact that 
lenses could magnify small particles. Three hundred years later, new technology 
made the production of optical lenses of a higher magnification possible. Zacharias 
Janssen invented an optical microscope, and Robert Hooke followed on from this 
work. The person who introduced light microscopy into medical science was Atha- 
nasiuk Kircher, from Germany, in 1657. 

Jan Swammerdam (1637—1680) in Amsterdam first identified red cells with a 
light microscope, and he described them as “ruddy globules”. Antonjvan Leeuwen¬ 
hoek (1632—1723) in Delft, Holland performed observations of various blood cells 
with a light microscope equipped with his own lenses (with from X40 to X275 
magnification, and 1.4 g resolution). This work was published in the Philosophical 
Transactions of the Royal Society of London in 1674, unfortunately with little public 
attention. 

After this period, scientific achievements were made in establishing a method 
for dry smear preparations of blood cells in peripheral blood, and staining methods 
for these blood cells. Paul Ehrlich (1854—1915) in Silesia, Germany and a pathol¬ 
ogist, Rudolf Virchow (1821—1902) from Pomerania, Germany, made great contri¬ 
butions to these achievements. The staining methods initially invented by Ehrlich 
were later developed further into more sophisticated procedures, by Romanowsky, 
Giemsa, Wright, and many others, and these are now widely utilized. Two major 
optical companies in Germany, Zeiss and Leitz, started delivering their excellent 
light microscopes for medical applications in 1851. Zeiss, in Jena, Germany, was 
established in 1846, and, 20 years later, had already delivered more than 1000 mi¬ 
croscopes, which had been newly designed by Abbe in Jena, to scientific labora¬ 
tories. The Leitz company, which was initially established as the Karl Kellner 
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2 7.2 Discovery of Hereditary Spherocytosis by Light Microscopy 



Figure 1.1 Light microscopes. Brass replicas made by Zeiss (in 1880) on the left, and by Leitz (in 
1899) on the right. 


Optisches Institut in 1849, delivered the first microscope with an excellent achro¬ 
matic lens in 1851. The number of microscopes delivered had reached more than 
50 000 by 1899. The author is proud to own replicas of microscopes manufactured 
by Zeiss (in 1880) and Leitz (in 1899), which are beautifully made in brass (Fig. 1.1). 

Methods for counting cells were also developed by utilizing these light micro¬ 
scopes, in particular by Karl Vierordt in Tubingen in 1852, who estimated the num¬ 
ber of red cells in peripheral blood to be 5.174 X 10 6 mm~ 3 . This value is respec¬ 
tably close to the actual number determined by current advanced electronic meth¬ 
ods of measurement. In addition, in 1910 Cecil Price-Jones, in England, published 
his work on the distribution pattern of peripheral red cells of various sizes, the so- 
called “Price-Jones curve”. 

With this background, the opportunities to elucidate the presence of hereditary 
spherocytosis as an abnormality of red cell morphology by light microscopy 
blossomed. 


1.2 

Discovery of Hereditary Spherocytosis by Light Microscopy 

In 1871, Vanlair and Masius in Liege, Belgium encountered a family where the 
mother and her daughters suffered from familial jaundice with splenomegaly. 
They found that the red cells of these patients were small and spheroid (4 pm 
in diameter) under a light microscope and reported these morphological observa¬ 
tions as “de la microcythemie” at the Belgium Royal Academy of Medicine 
(Fig. 1.2). This is believed to be the first report of hereditary spherocytosis [3]. 
They also mentioned that the pathogenesis of increased hemolysis lies in “globules 
atrophiques”. 
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Figure 1.2 A lithograph of 
de la microcythemie pub¬ 
lished by Vanlair and Masius 
in 1871. 




Wilson and Stanley (1893) in England found a hereditary disorder with chronic 
anemia, splenomegaly, jaundice and gallstone episodes, and further mentioned 
that red cells were packed into the patient’s spleen [4]. Unfortunately, they did 
not mention any morphological characteristics of the red cells in this disorder. 
Le Gendre (1897) [5] and Hayem (1898) [6] also described acholuric jaundice with¬ 
out increased plasma bilirubin or increased urinary bilirubin excretion. 

Oskar Minkowski (1900) in Germany reported on eight patients with 
“hereditarer chronischer Ikterus” in Alsace, who had suffered from life-long jaun¬ 
dice and marked splenomegaly [7]. 

Anatole Chauffard (1907) in France made enormous contributions to the under¬ 
standing of the pathophysiology of the red cell abnormalities present in hereditary 
spherocytosis [8]. He found a 24-year-old man with congenital jaundice, severe ane¬ 
mia, gallstone episodes, and urobilinuria (l’ictere congenital de l’adulte). He ex¬ 
amined the family of this patient by utilizing the osmotic fragility test, which 
was invented by Vaquez, and found a markedly increased osmotic fragility in the 
red cells of this family. In addition, he also noticed that their red cells were 
small in diameter (5.89 pm on average: 7.5—4.0 pm) indicating the presence of mi¬ 
crocytosis. These smaller red cells were much more osmotically fragile than nor¬ 
mal-sized red cells. In his description, the functional abnormalities of the patient’s 
red cell membranes were clearly demonstrated. 

Gansslen (1922) reported on “hamolytischer Ikterus” with excellent clinical de¬ 
scriptions of exacerbation factors for hemolysis (common cold, infection, men¬ 
struation, pregnancy, etc), erythroid hyperplasia in bone marrow, autosomal domi¬ 
nant inheritance, and so on [9]. He classified this disorder into three categories, 
i. e.: (1) klassische (polysymptomatische) Form, (2) oligo-oder-monosymptoma- 
tische Form, and (3) kompensierte Form (without jaundice or anemia). Surpris¬ 
ingly, he also raised the possibility of the presence of sporadic cases due to a de 
novo mutation, and the efficacy of splenectomy. In his description, the two 
major pathogeneses for hereditary spherocytosis were clearly discussed, that is: 
(1) the presence of spherocytosis (“Kugelform”), and (2) the contribution of the 
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spleen. Thus, the basic recognition of these pathognomonic mechanisms in hered¬ 
itary spherocytosis was already well established in the 1920s. 

Although the detailed clinical description and the effectiveness of splenectomy in 
hereditary spherocytosis were clearly known, several decades were required before 
the pathophysiology of this disorder were understood and genetic abnormalities 
elucidated. This was not until the development of red cell membrane research 
as a basic science had been achieved. 


1.3 

The Dawn of Red Cell Membrane Research 

As mentioned previously, Chauffard (1907) and other scientists in Europe actually 
initiated the elucidation of the pathophysiology of red cell abnormalities in heredi¬ 
tary spherocytosis. However, Castle et al. (1937), of the American school, also made 
significant contributions to this field of research [10]. They discovered that the 
membrane surface/cell volume ratio was reduced concurrently with loss of the dis¬ 
coid form of these red cells with hereditary spherocytosis. Ham et al. (1940) 
pointed out that the increased propensity for hemolysis in the patient’s red cells 
was dependent not on the increased red cell volume but on the decreased effective 
cell surface of these abnormal red cells [11]. Eric Ponder made a tremendous con¬ 
tribution by clarifying the hemolytic phenomenon of red cells from the biophysical 
standpoint. He published his renouned monograph of The Mammalian Red Cell 
and the Properties of Hemolytic Systems in 1934 and then in a revised form Hemolysis 
and Related Phenomena in 1948 [12]. 

John V. Dacie et al. (1954) in the United Kingdom discovered that the red cells 
found in cases of hereditary spherocytosis were initially swollen, then normalized, 
and then became further shrunken during their in vitro incubation. They also ob¬ 
served a decreased intracellular potassium content with an increased intracellular 
sodium content in these red cells, and confirmed the results previously reported by 
Castle et al. that the increased osmotic fragility in hereditary spherocytosis red cells 
was due to the decreased membrane surface/cell volume ratio. Dade’s mono¬ 
graphs The Haemolytic Anaemias, which were published in 1954, 1960, and 1985, 
are excellent publications based on the enormous accumulation of his extensive 
studies [13—15]. 

The observations made during this period directed scientists’ attention toward 
the abnormalities of membrane transport in hereditary spherocytosis red cells. 
Jacob et al. (1964) reported decreased osmotic resistance, increased sodium influx, 
and a compensatory increase in glycolysis in these red cells, and proposed the the¬ 
ory that the basic pathogenesis of hereditary spherocytosis lies in the “leaky mem¬ 
brane” of these red cells [16]. At this point, a possible causal pathogenesis of hered¬ 
itary spherocytosis as a red cell membrane disorder was formally proposed. 

During this time period, Prankerd, as a red cell enzymologist, claimed that in¬ 
creased glycolysis was the pathogenesis of hereditary spherocytosis, but Lawrence 
Young and his school in Rochester reported that increased glycolysis was merely 
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one epiphenomena in these hereditary spherocytosis red cells, and was first to clar¬ 
ify that the essential point lies in microfragmentation of the red cell membranes. 

The processes of microspherocytosis in hereditary spherocytosis were studied ex¬ 
tensively by Marcel Bessis et al. in France. There are generally two pathways for the 
production of spherocytosis in red cells: (1) an echinocytic pathway which is en¬ 
ergy-independent, and (2) a stomatocytic pathway which is energy-dependent. 
The former appears to be related to exocytosis, and the latter to endocytosis. For 
these studies, light microscopy with a phase contrast apparatus, and the newly-in¬ 
troduced scanning electron microscope were utilized extensively. Robert Weed and 
Claude Reed in Rochester collaborated with the Bessis group to publish their own 
journal Blood Cells (1973) [17]. Red Cell Rheology was published in 1978 [18] in 
memory of Weed, who suffered an unexpected early death. With Bessis, Narla Mo¬ 
handas invented the ektacytometer to determine red cell deformability, and opened 
up a new field of red cell rheology. 

A tremendous biochemical contribution to red cell morphology should be men¬ 
tioned. Makoto Nakao and his colleagues discovered that red cell shape changes are 
dependent on the energy of adenosine triphosphate (ATP). With their publication 
in Nature [19], this area of investigation was encouraged extensively and actually 
developed significantly. It was made clear that adenosine triphosphate (ATP), ade¬ 
nosine triphosphatase (ATPase), and calcium are critical modification factors for 
red cell deformability. As will be described later in detail, studies on red cell rheol¬ 
ogy made rapid progress in association with extensive developments on membrane 
lipid research. La Celle, who followed Weed in Rochester, invented his own appa¬ 
ratus with micropipettes to examine the rheological properties of normal and ab¬ 
normal red cells. During this period, the name of Jiri Palek, who was born in Cze¬ 
choslovakia, began to appear in the literature on red cell membrane research [20]. 

It became the general consensus that red cell deformability is dependent on the 
level of intracellular ATP, and that, when the ATP content is decreased, increased 
free calcium is bound to membrane proteins, resulting in increased rigidity of red 
cell membranes. 

Whatever the exact mechanism is, the rigid red cells are trapped, sequestered, 
and destroyed in the spleen. For this hemolytic event, two mechanisms of in¬ 
creased hemolysis were proposed, that is: (1) auto-hemolysis by the abnormal 
red cells per se, and (2) phagocytosis of these abnormal red cells by macrophages 
in the spleen. These mechanisms were studied extensively and in particular by 
the Rochester school (Young, Weed, La Celle, et al.) [21]. 

At the same time, the mechanism for microspherocyte formation was studied by 
utilizing echinocytogenic and stomatocytogenic compounds and drugs, especially 
by Schrier et al. at Stanford University. Deuticke et al. (1968) identified the 
major determinants for red cell shape to be (1) electric charge, and (2) differences 
between intracellular and extracellular pHs [22]. Schrier et al. discussed changes in 
red cell shape from their standpoint of asymmetry of the membrane lipid bilayer 
by utilizing amphipathic compounds such as chlorpromazine [23]. 

From these steps in the development of membrane research, it became evident 
that the pathogenesis of hereditary spherocytosis appeared to be related to possible 
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abnormalities in the red cell membrane constituents. It is well known that red cell 
membranes are composed mainly of membrane proteins and membrane lipids. Al¬ 
though at this point, around the early 1960s, membrane proteins had been only 
partially solubilized, it had already become possible to analyze membrane lipids 
completely, in about 1957. 

The determinations of red cell membrane lipids were initiated by Folch et al. 
(1957), and Erickson (1958). Pennell described red cell membrane lipid composition 
in a chapter on normal red cell composition with Table 3 in the monograph The Red 
Blood Cell (edited by Bishop and Surgenor) in 1964 [24]. Van Deenen also discussed 
the dynamic aspects of red cell membrane lipids in the same monograph [25]. The 
findings on membrane lipids published by Reed et al. (1960), and Way (1967) are 
definitely consistent. Seminars in Hematology published special issues on The Red 
Cell Membrane by three invited guest editors, R. I. Weed, E. R. Jaffe, and P. A. 
Miescher, in which analyses of normal red cell membrane lipids were described. 
Excellent studies on the modifying factors of membrane lipids (diet, aging, 
blood cell preservation, hepatic dysfunction, abnormal lipoprotein disorders, and 
hereditary spherocytosis) were also performed by R. Cooper et al. in 1970 [26]. 

Regarding red cell membrane lipids, it was already known that the total red cell 
lipid content was approximately 5.00 X 10~ 10 mg/cell. Approximately 60% of the 
total content was phospholipids, 30 % was free cholesterol, and the remainder was 
mainly glycolipids. The phospholipids were also known to consist of subpopula¬ 
tions of sphingomyelin, phosphatidylcholine, and phosphatidylethanolamine of ap¬ 
proximately 25 % each, phosphatidylserine of approximately 15%, and small 
amounts of phosphatidylinositol. The presence of asymmetrical distribution of 
these phospholipids in the membrane lipid bilayers, that is, phosphatidylcholine 
and sphingomyelin, were chiefly distributed on the outer leaflet, and phosphatidyl¬ 
ethanolamine and phosphatidylserine on the inner leaflet, was clarified by Mari¬ 
netti et al. (1974) [27], and Marfey et al. (1975) [28]. It was also claimed that approxi¬ 
mately 37 % of phosphatidylserine was cross-linked to membrane proteins at the 
inter-molecular distance of 9 A. 

Cooper’s excellent review (1970) demonstrated that the red cell membrane lipids 
in hereditary spherocytosis were essentially normal in unsplenectomized patients, 
but clearly diminished after splenectomy by 15—20% compared with those in nor¬ 
mal controls [26]. 

By 1970, studies on red cell membrane lipid anomalies of hereditary origin, such 
as a-lipoprotein deficiency (Tangier disease) by Fredrickson et al. (1964) [29], and 
Shacklady et al. (1968) as reviewed by Assmann et al. [30], P-lipoprotein deficiency 
(acanthocytosis) by Ways et al. (1963) [31], congenital lecithin: cholesterol acyltrans- 
ferase (LCAT) deficiency by Gjone et al. (1968) [32], and also hereditary high red 
cell membrane phosphatidylcholine hemolytic anemia (HPCHA) by Shohet et al. 
(1971) [33] had been completed. Shohet clarified the biochemical relationship be¬ 
tween plasma lipids and red cell membrane lipids (1972) [34]. Acquired red cell 
membrane lipid abnormalities were investigated energetically by Cooper et al. 
[26, 35], specifically with regard to the role of free cholesterol in hepatic disorders, 
such as spur cell anemia and target cells. 
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Studies on cationic transport in red cell membranes were initiated by Eric Pon¬ 
der et al., as described previously, and further extended by Skou, Tosteson, Passow, 
Parker, and particularly Hoffman. On the clinical hematology side, the topics of 
“hereditary stomatocytosis (hydrocytosis and desiccytosis)” by Nathan and Shohet 
were dealt with in a special issue Red Cell Membrane in Seminars in Hematology 
as early as 1970 [36]. 

Despite these glorious advances in research on membrane lipids and ion trans¬ 
port, the most striking characteristic of this third stage was a total lack of knowl¬ 
edge of red cell membrane proteins. In a special issue of Seminars in Hematology 
in 1970, Maddy presented his review article on red cell membrane proteins [37]. 
Weed, as one of the guest editors, mentioned in his introduction [38] that “Dr. 
Maddy has aptly summarized the analytical difficulties which underlie the limited 
amount of work done in this field. This particular field very likely will ultimately 
prove to be the most rewarding, as well as the most challenging, approach for un¬ 
derstanding normal and disease membranes”. At this point, the only analytical 
methods available were those using cholate, Triton X-100, butanol, phenol, urea, 
etc., none of which completely solubilized the red cell membranes. However, it 
is very interesting to note that Maddy mentioned briefly the potential possibility 
of utilizing sodium dodecyl sulfate (SDS) as a detergent for total membrane pro¬ 
tein solubilization in his article. Polyacrylamide gel electrophoresis with this deter¬ 
gent, SDS, was a discovery that led to significant advances in protein chemistry. 
The first paper on this subject appeared in 1970, the same year that the special 
issue of Seminars in Hematology was published. At the same time, Harry Jacob 
[39] postulated that contractile proteins, such as the microtubules or microfila- 
ments in muscle cells, should exist in human red cells, and that a possible patho¬ 
genesis of hereditary spherocytosis could lie in abnormalities of these contractile 
proteins in the red cells. 


1.4 

Commencement of Membrane Protein Biochemistry: Introduction of Sodium Dodecyl 
Sulfate Polyacrylamide Gel Electrophoresis 

At last, the door opened, regarding the analyses of membrane proteins, which had 
long been a bottleneck in red cell membrane research. Following the development 
of methods for preparing red cell membrane ghosts by Dodge et al. [40], two 
brilliant papers were published by Laemmli (1970) [41] and Fairbanks et al. (1971) 
[42], which definitely promised breathtaking progress in membrane research. 

With the method of Fairbanks, red cell membrane ghost proteins could be solubi¬ 
lized completely by sodium dodecyl sulfate (SDS) after their extraction at low ionic 
strength, and were then subjected to polyacrylamide gel electrophoresis (PAGE). 
Numerous membrane proteins were separated and identified. The names of these 
membrane proteins were given in an order based on their molecular sizes, that is: 
band 1 (a-spectrin), band 2 ((3-spectrin), band 2.1 (ankyrin), band 3 (anion exchanger 
1: AE—1), band 4.1 (protein 4.1), band 4.2 (protein 4.2), band 5 (actin), band 6 (gly- 
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Figure 1.3 A schematic demonstration of the 
findings of red cell membrane ghost proteins 
analyzed by sodium dodecylsulfate polyacryla¬ 
mide gel electrophoresis (SDS—PAGE) by the 
methods of Fairbanks and Steck (left), and 




(GPA)t 
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Laemmli 

Laemmli (right). CB: coomassie blue staining, 
PAS: periodic acid Schiff staining, M: mem¬ 
brane fraction, S: soluble fraction, GP: glyco- 
phorins, and G3PD: glyceraldehyde 3-phos- 
phate dehydrogenase. 


ceraldehyde-3-phosphate dehydrogenase: G-3-PD), and band 7 (stomatin or aqua- 
porin). For analyses of membrane proteins of smaller molecular sizes, Laemmli’s 
method, with gradient gel electrophoresis, yields better resolution (Fig. 1.3). 

Red cell membrane proteins are classified into two groups, that is: (1) peripheral 
proteins (spectrin, ankyrin, protein 4.1, actin, etc.) and (2) integral proteins (band 
3, glycophorins, etc.). They are also categorized functionally into three groups, that 
is: (1) cytoskeletal proteins (spectrin, protein 4.1, actin, etc.), (2) integral structural 
proteins (band 3, glycophorins, etc.), and anchoring proteins (ankyrin, protein 4.2, 
etc.) (Table 1.1). 

Regarding membrane models, Danielli first began studying cell membranes dur¬ 
ing the 1930s, and proposed a model for the membrane structure with Davson in 
1935 [43]. This is the classical famous Danielli—Davson bilayer model for mem¬ 
brane structure, which is primarily associated with the behavior of lipids in mem¬ 
branes. At first they believed that the proteins were just loosely attached to the two 
surfaces of the membrane by polar forces, and they also visualized a lipid bilayer 
more or less covered on both sides with molecules of unfolded globular protein. 
The contribution of proteins to membrane structure had been recognized by the 
two Dutch investigators, Gorter and Grendel, some 10 years earlier than Danielli. 
At that time, more than 65 years ago, far less was known about protein structures 
than at present. 
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Table 1.1 

Molecular characteristics of major 

membrane 

proteins in h 

uman red cell 

S. 

Band 

Protein 

Molecular mass (kDa) 

Copy 

number 

(Xltf/cell) 

Relative 
amount of 
total ghost 
proteins 
(%) 

Localization 

on 

SDS gel 


On SDS 
gel 

Calculated 

on 

membrane 

i 

a-Spectrin 

240 

280 

242 ± 20 

14 

SKL 

2 

(3-Spectrin 

220 

246 

242 ± 20 

13 

SKL 

2.1 

Ankyrin 

210 

206 

124 ± 11 

5 

ANC 

2.9 

a-Adducin 

103 

81 

30 

1 

SKL 


(3-Adducin 

97 

80 

30 

1 

SKL 

3 

Anion exchanger 1 
(AE-1): band 3 

90-100 

102 

1200 

26 

INT 

4.1 

Protein 4.1 

80, 78 

66 

200 

5 

SKL 

4.2 

Protein 4.2 

72 

77 

250 

5 

ANC 

4.9 

Dematin 

48, 52 

43, 46 

140 

1 

SKL 


P 55 

55 

53 

80 

1 

SKL 

5 

(3-Actin 

43 

42 

500 

6 

SKL 


Tropomodulin 

43 

41 

30 


SKL 

6 

Glyceraldehyde- 3 - 
phosphate dehy- 
drogenase(G3PD) 

35 

36 

500 

5 

SKL 

7 

Stomatin 

31 

32 


4 

INT 


Tropomyosin 

27, 29 

28 

70 

1 

SKL 

8 

Protein 8 

23 

22 

200 

1 

SKL 

Glycoproteins: 






PAS-l 

Glycophorin A 

36 

14 

1000 

1.6 

INT 

PAS-2 

Glycophorin C 

32 

14 

150 

0.1 

INT 

PAS-3 

Glycophorin B 

20 

8 

150 

0.2 

INT 


Glycophorin D 

23 

11 

82 

0.0 2 

INT 


Glycophorin E 

- 

6 

(not 

expressed) 




SDS-gel: sodium dodecylsulfate polyacrylamide gel electrophoresis, 
SKL: skeletal protein, ANC: anchor protein, INT: integral protein. 
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Around 1966, Singer in San Diego thought that any successful model or theory 
of membrane structure must provide an explanation for the difference between the 
molecules of soluble proteins (hemoglobin, etc.) on the one hand and membrane- 
bound enzymes and receptors on the other. Wallach and Singer independently pos¬ 
tulated a new model of protein—lipid architecture. They visualized the proteins as 
globular and folded up so as to be amphipathic, possessing one hydrophobic and 
one hydrophilic end, just as membrane lipid molecules do, though of course the 
proteins would be much larger. The hydrophobic end would be embedded in the 
interior of the lipid bilayer, in contact with hydrophobic lipid tails, while the hydro¬ 
philic end would be ringed with hydrophilic lipid heads and would also project out 
into the aqueous medium surrounding the membrane. The fundamental structure 
was compared with that of icebergs (protein) floating in the sea (lipid) [44]. In 1972, 
this basic iceberg—sea concept was further extended to the Singer—Nicolsons fluid 
mosaic model [45], which was supported by extensive advances in membrane pro¬ 
tein biochemistry and in electron microscopy with regard to the presence of the 
intramembrane particles shown by Pinto da Silva and Branton in 1970. Sheetz 
and Singer suggested that in the iceberg—sea model, the spectrin may serve as a 
sort of reinforcing scaffolding for the red cell membrane, and speculated that 
rod-like assemblages of spectrin molecules are attached to, and form bridges be¬ 
tween, several integral protein molecules in the membrane, even though the cyto- 
skeletal network was not known at that time. 

When SDS—polyacrylamide gel electrophoresis became available for membrane 
protein analyses in 1970, extensive investigations to elucidate the structure and 
functions of red cell membrane proteins in normal individuals started immedi¬ 
ately. The first membrane protein studied was spectrin. The very important initial 
contribution was made by Marchesi [46]. This was a big surprise when it was pub¬ 
lished because, at that time, it was the commonly-held belief that red cell mem¬ 
branes only contained a single protein. The protein structures of a-spectrin and 
p-spectrin were elucidated in detail by many investigators, especially Marchesi et 
al., Speicher et al., Bennett et al., and Winkelmann et al. The functional character¬ 
istics of a- and P-spectrins were also disclosed, as described in the following text. 

The structure and functions of ankyrin as an anchoring protein were also eluci¬ 
dated extensively, especially by Bennett et al., and Lux et al. The detailed descrip¬ 
tions are also given in the text. 

Band 3 is a unique protein, which has been studied by Tanner et al. in Bristol, 
Low et al., Jennings et al., Hamasaki et al., and others. Electron microscopic stud¬ 
ies on the intramembrane particles have been carried out by Pinto da Silva, Bran- 
ton and Cohen et al., and others. 

Protein 4.1 was rigorously investigated by Conboy, Chasis, Takakuwa, and others 
along with Mohandas. 

Protein 4.2 was first recognized by its deficiency, which was discovered indepen¬ 
dently by Hayashi et al. and Nozawa et al. The structural and functional character¬ 
istics of protein 4.2 were investigated in particular by Carl Cohen, and Cathy Korsg- 
ren in Boston. Glycophorins were initially expected to play a crucial role in signal 
transduction in red cell membrane functions. This expectation was challenged by 
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Marchesi et al. in the early 1970s [47], because their molecular structure demon¬ 
strates typical transmembrane glycoproteins. However, unfortunately, the En 
(a—) red cells of complete glycophorin A deficiency were not associated with any 
clinical problems. The functions of glycophorins and their cellular significance 
still remain to be elucidated at some point in the future. 

Steck et al. [48] made the important contributions in devising methods to prepare 
inside-out and right side-out membrane vesicles, and the use of these vesicles to 
show that membrane proteins were asymmetrically organized - some inside and 
some outside. 

Other minor proteins, such as adducin, p55, dematin, tropomodulin, tropomyo¬ 
sin and others have also been investigated. 

Finally, Lux [49] came up to the first nearly correct model of the red cell mem¬ 
brane skeleton, which clarified what was at the time a very confusing field and 
led to many additional hypotheses and experiments. This model was indeed the 
most important contribution to this field by him. 


1.5 

Elucidation of the Pathogenesis of Red Cell Membrane Disorders 

In parallel with the investigation of normal red cell membrane protein biochemis¬ 
try, or a little bit later, the disease states of red cell membranes finally became the 
targets for investigation around 1980 [50—56]. 

The first disorder to be examined by molecular biochemistry was hereditary el- 
liptocytosis (HE), because of distinct morphological observations by Lux et al. 
and Palek et al. They recognized that red cell ghosts themselves remained ellipto- 
cytic in their shape, even after they had been prepared from elliptocytes in the pe¬ 
ripheral blood of the patients with hereditary elliptocytosis. Therefore, they further 
prepared Triton shells from these red cell ghosts, and found the critical phenom¬ 
enon that the morphology of the Triton shells was still elliptocytic (Fig. 1.4). This 
important finding clearly indicated that the basic molecular defect should exist in 
their cytoskeletal network, because the Triton shells are basically composed of cy- 
toskeletal proteins. 

Shortly after this finding had been made, Palek et al. detected a peptide abnorm¬ 
ality at the al domain in the N-terminal region of a-spectrin by SDS—PAGE and 
peptide-mapping analysis. This anomaly was named HE [Spa I/74 ], because an abnor- 


Figure 1.4 The triton shells prepared from 
red cells of hereditary elliptocytosis (HE) 
patients still demonstrate elliptocytic shape 
(right) compared with normal subjects (left) 
showing discoid morphology. 



Normal HE 
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mal 74 kDa peptide was detected concomitant with the decreased normal 80 kDa 
peptide of the al domain of the a-spectrin. The region at the N-terminus of a-spec- 
trin is now known as a functionally critical region for self-association with the C- 
terminal region of P-spectrin. Following this discovery, many mutations, mostly at 
the N-terminal region of a-spectrin, were detected, such as HE [Spa l/74 ], HE [Spa 1/78 ], 
and HE [Spa I/65 ]. Ethnic differences were also clarified, i. e.: HE [Spa I/65 ] and HE 
[Spa I/46 ] were predominant in populations of African origin and much less in 
the Caucasian population; HE [Spa I/78 ] was only detected in Caucasians; and in 
Japan, only one trait of HE [Spa I/74 ] was reported, indicating that a-spectrin anoma¬ 
lies appear to be substantially low in incidence. 

(3-spectrin anomalies were also detected with truncated abnormal P-spectrin pep¬ 
tides, which were later proven mostly to be due to exon skipping of the C-terminal 
region of the P-spectrin gene, as discussed in this text in detail. 

In some HE patients, severe anemia with significantly increased jaundice was 
observed. The red cell morphology was strikingly bizarre with marked poikilocyto- 
sis and red cell fragmentation. These red cells demonstrated extensive fragmenta¬ 
tion when they were heat-treated at 37—48 °C. This condition is known as heredi¬ 
tary pyropoikilocytosis (HPP). Most HPP patients have been proven to be homozy¬ 
gotes or compound heterozygotes of common HE. These findings were later con¬ 
firmed by gene analyses. 

Protein 4.1 deficiency is also pathognomonic for HE. Four independent patients 
have been proven to be completely protein 4.1-deficient, and other patients (one- 
third of the Caucasian HE) have been shown to be partially protein 4.1-deficient. 
Most Japanese HE patients have become known owing to this partial protein 4.1 
deficiency. 

Investigations of spectrin abnormalities pathognomonic for HE were carried out 
in the 1980s with great success. 

In contrast, studies on hereditary spherocytosis were not initiated essentially 
until early 1990s, except for one observation in 1985 by Agre et al. [57], who re¬ 
ported significant spectrin deficiency in hereditary spherocytosis of autosomal re¬ 
cessive inheritance. Before this observation, the presence of severe spectrin defi¬ 
ciency was recognized in several strains of mice used as animal models for heredi¬ 
tary spherocytosis. In the homozygous states of sph/sph, ha/ha, and ja/ja, severe 
spectrin deficiency was noted with striking microspherocytosis (Bernstein et al., 
1980) [58]. 

Among these mice strains, the nb/nb mice also showed a marked spectrin defi¬ 
ciency, but this was associated with the primary defect of anlcyrin. Thus, ankyrin 
deficiency was found to induce a combined deficiency of ankyrin and spectrin. 
The mouse strain lacked the short arm of the mouse chromosome 8 (8p), which 
is the site for ankyrin. Several reports of hereditary spherocytosis in human beings 
noted that it was associated with the lack of human chromosome 8, such as the 
deletion of 8pll—p21 [59]. The chromosome site of glutathione reductase is 
known to be present at 8p21.1. In some patients, combined abnormalities of HS 
and glutathione reductase deficiency were reported. Therefore, ankyrin deficiency 
was expected to be present in these patients. We also experienced two patients with 


7 Introduction: History of Red Cell Membrane Research | IB 

exactly this combination. Naturally, ankyrin deficiency was expected, but actually 
the ankyrin content was not reduced in these two patients. From our present 
knowledge, it is now clear that the mutated allele of the ankyrin gene was not ex¬ 
pressed and that the remaining normal allele compensated by producing the nor¬ 
mal ankyrin molecule. 

The same situations exist in HS, particularly that of autosomal dominant in¬ 
heritance. Since 1970, SDS—PAGE has been widely utilized to detect biochemical 
abnormalities in mutated membrane proteins in patients with red cell membrane 
disorders, such as mutated membrane proteins with abnormal electrophoretic mo¬ 
bility (such as in |3-spectrin anomalies), and decreased amounts of the determined 
membrane proteins. Although SDS—PAGE is essentially an excellent method and 
has been used widely, it is still not easy to detect a minimal reduction with it, such 
as one of—10 to —20 % of the normal values. This difficulty is especially true when 
making a quantitative determination of the ankyrin content with SDS—PAGE. An¬ 
kyrin content is known to be influenced significantly by increased reticulocytosis in 
patients with increased hemolysis, such as those with hereditary spherocytosis. 
This is one of the reasons, but certainly not the only reason, why the elucidation 
of the pathogenesis of HS was greatly delayed until the early 1990s. 

Despite these difficulties, Palek and Jarolim in Boston recognized that approxi¬ 
mately one-third of HS patients demonstrated partial deficiency of band 3 [60]. For¬ 
tunately, band 3 is known to be less masked by increased reticulocytosis than an¬ 
kyrin in these disease states. They utilized eosin-5-maleimide for detailed quanti¬ 
tative measurement for band 3 content. Jarolim et al. also discovered functional ab¬ 
normalities of band 3 proteins, such as band 3 Memphis and band 3 Tuscaloosa, in 
which the protein 4.2 content was also markedly decreased, because the mutated 
site of band 3 appeared to be a binding site for protein 4.2, as with band 3 Mon- 
tefiore reported by Rybicki et al. 

Palek et al. investigated Southeast Asian ovalocytosis (SAO) in Papua New Guinea, 
and discovered marked abnormalities in the band 3 molecule [61]. It is interesting 
to note that the phenotype of SAO is not HS but HE, despite band 3 abnormality. 

In 1996—1997, the relative incidence of its membrane protein anomalies was 
disclosed sequentially. Jarolim et al. (1996) [62] reported that among 166 kindred 
examples of HS, abnormalities in ankyrin and spectrin made up approximately 
60% of HS membrane anomalies, in band 3 23%, and in protein 4.2 2%, with 
15 % being of unknown origin. Dhermy et al. in France (1997) [63] reported 
nearly the same results based on their survey of 80 kindred examples of HS. 

In the Japanese population [64], as compared with the results in Western 
countries, abnormalities in ankyrin and spectrin made up 30% of HS membrane 
anomalies, in band 3 25%, and in protein 4.2 30%, and with 15% of unknown 
origin. 

Regarding protein 4.2 anomalies, the first reports were published independently 
by Hayashi et al. and Nozawa et al. in Japan. Total deficiency of protein 4.2 is defi¬ 
nitely clustered in Japan [65]. To date, we have experienced 34 patients from 20 kin¬ 
dred examples. Only a few patients have been discovered in countries (Tunisia, Por¬ 
tugal, and Italy) other than Japan. Unique variants of protein 4.2 have also been 
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found in Japan, that is, the protein 4.2 doublet Kobe and protein 4.2 doublet Na¬ 
gano. The red cell morphology is complex when compared with those of typical mi¬ 
crospherocytosis (observed in protein 4.2 Komatsu), ovalostomatocytosis (mostly of 
the Nippon type), and even stomatocytosis (protein 4.2 doublets) [66]. Partial defi¬ 
ciency of protein 4.2 is mainly due to mutations of band 3 at its binding site to pro¬ 
tein 4.2. 

Membrane lipid anomalies appear to be rare in worldwide. However, one of the 
reasons for this scarcity may be the screening systems for the detection of abnorm¬ 
alities of red cell membrane components. Major laboratories in Western countries 
do not appear to incorporate membrane lipid analyses as routine screening items. 
As mentioned in this text, we detected a substantial number of patients with hered¬ 
itary high red cell membrane phosphatidylcholine hemolytic anemia (HPCHA) 
simply because membrane lipid analyses are one of the routine screening items 
at our laboratory at the Kawasaki Medical School [64]. Thus, the apparent high in¬ 
cidence of this disorder in Japan may be misleading, and almost the same inci¬ 
dence as that in Western countries might be expected. 


1.6 

Genotypes of Red Cell Membrane Disorders 

The processes of advances in red cell membrane research can be well understood 
by reading the five special issues of Red Cell Membrane, which were published se¬ 
quentially in the Seminars in Hematology from 1971 to 1993. The first issue on Red 
Cell Membrane in 1970 was edited by Weed [38], and the contents have been de¬ 
scribed previously. The second issue was published in 1979 edited by Jacob [50]. 
The major topic was “Membrane Proteins and Their Functions”. The third issue 
came out in 1983, edited by Palek [53] and considered projects on “Cytoskeletal 
Proteins”, when biochemical investigations appeared to have reached a level of 
completion. The fourth issue in 1990 dealt with topics on “Genetics in 
Hematology”, and was edited by Ranney [67]. In this issue, there was an excellent 
review on red cell membranes by Palek and Lambert [68], through which one can 
appreciate the increase in knowledge on membrane protein-related genes. Just 
after this issue, the fifth one, edited by Palek [69], was published sequentially in 
1992 and 1993. There were many excellent reviews covering all fields of normal 
and abnormal red cell membranes in this program (Table 1.2). Progress on the 
same topics can be traced back through the issues of this journal. 

Regarding the a-spectrin gene (SPTA1), the normal structure and functions of 
this gene including its promoter region, were clarified by Forget et al., Sahr et 
al. (1990), Kotula et al. (1991) and others [70—74]. The mutations of SPTA1 were 
chiefly detected in HE patients, and were mostly missense mutations in heterozy¬ 
gous states. In HPP patients, on the other hand, they were observed in homozy¬ 
gous states. The SPTA1 mutations (Fig. 1.5) were observed chiefly at the NH 2 - 
terminal region corresponding to the protein abnormalities. The low expression 
gene (a LELY ) of SPTA1 is of critical importance in gene expression in HE patients. 
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Table 1.2 Genetic characteristics of membrane protein-related genes in human erythroid cells. 


Protein 

Cene 

symbol 

Chromosome 

location 

Amino 

acids 

Cene 

(kb) 

Exons 

Related 

diseases 

a-Spectrin 

SPTA1 

lq22—q23 

2429 

80 

52 

HE, HPP, 

HS 

|3-Spectrin 

SPTB 

14q23-q24.2 

2137 

>100 

32 

HE, HPP, 

HS 

Ankyrin 

ANK1 

8pll.2 

1881 

>120 

42 

HS 

a-Adducin 

ADDA 

4pl6.3 

737 

85 

16 


(3-Adducin 

ADDB 

2pl3—pl4 

726 

-100 

17 


Band 3 (AE1) 

EPB3 
(SLC 4A1) 

17q21—q22 

911 

17 

20 

HS, SAO, 

RTA 

Protein 4.1 

ELI 

(EPB41) 

lp36.1 

588 

>250 

23 

HE 

Protein 4.2 

ELB42 

15ql5 

691 

20 

13 

HS 

variant 

Dematin 

EPB49 

8p21.1 

383 

- 

- 


P 55 

MPP1 

Xq28 

466 

- 

- 


(3-Actin 

ACTB 

7pl2—p22 

375 

>4 

6 


Tropomodulin 

TMOD 

9q22.2-q22.3 

359 

- 

- 


G3PD 

GAPD 

12pl3.1—pl3.31 

335 

5 

9 


Stomatin 

EPB72 

9q34.1 

288 

12 

7 

None 

Tropomyosin 

TPM 3 

lq31 

239 

- 

- 


Protein 8 

PRDX2 

- 

- 

- 

- 

- 

Glycophorin A 

GYPA 

4q28.2—q31.1 

131 

>40 

7 

None 

Glycophorin C 

GYPC 

2ql4-q21 

128 

14 

4 

HE 

Glycophorin B 

GYPB 

4q28.2-q31.1 

72 

>30 

5 

None 

Glycophorin D 

GYPD 

2ql4-q21 

107 

14 

4 

HE 

Glycophorin E 

GYPE 

4q28.2—q31.1 

59 

>30 

4 



HE: hereditary elliptocytosis, HPP: hereditary pyropoikilocytosis, HS: hereditary spherocytosis, 
SAO: Southeast Asian ovalocytosis, RTA: renal tubular acidosis. 
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Figure 1.5 Characteristics of gene mutations of Japanese. Open circles denote frameshift mu¬ 
red cell membrane proteins, namely, a-spectrin tations, closed circles missense mutations, 
(a-Sp), P-spectrin (P-Sp), and protein 4.2 (P4.2). open triangles nonsense mutations, and open 
HS: hereditary spherocytosis, HE: hereditary star symbols abnormal splicing, respectively, 
elliptocytosis, Non-J: non-Japanese, and J: 


The functional significance is discussed in detail in the text. No mutations of 
SPTA1 have been reported at the C-terminal side. Two mutations of SPTA1, one 
of which is a low expression gene (a LEPRA ), are known in HE. 

The normal structure and functions of the P-spectrin gene (SPTB) were extensively 
investigated by Forget et al., which included Winkelmann (1990). More than 20 mu¬ 
tations are known, most of which have been detected at the C-terminal region (mostly 
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at exon 30 or intron 30) corresponding to the (3-spectrin anomalies (Fig. 1.5). The 
clinical phenotype is mostly HE. To date, seven missense mutations, one nonsense 
mutation, six splicing abnormalities, and four frameshift mutations have been re¬ 
ported in these HE patients, 13 being of autosomal dominant inheritance, three of 
autosomal recessive inheritance, and two being de novo mutations [72—75]. 

Mutations of SPTB were also detected in HS patients by Hassoun and others: 
seven missense mutations, two nonsense mutations, two splicing abnormalities, 
six frameshift mutations, and one genomic deletion. Three SPTB mutations 
have been found in Japan. 

The structure and functions of the ankyrin gene (ANK1) were mostly elucidated 
by Lux et al. (1990), and Lambert et al. (1990). Eber et al. first clarified ANK1 mu¬ 
tations, mostly in German HS patients. To date, more than 60 mutations have been 
observed including 20 mutations in our Japanese HS patients (Fig. 1.5). Most of 
these mutations are frameshift and nonsense mutations. The mutations are widely 
spread over all regions of ANK1 without so-called hot spots [72—75]. 

Analyses of the band 3 gene (EPB3) have largely been carried out by Tanner et al. 
in Bristol (1991). Mutations of this gene have mostly been observed in HS patients 
except for Southeast Asian ovalocytosis, the phenotype of which is common HE. To 
date, more than 57 mutations of EPB3 have been detected by Palek et al., Lux et al., 
and Delaunay et al. in France and others, including 14 mutations reported by us, 
which have been distributed widely on this gene (Fig. 1.5). However, missense mu¬ 
tations tend to be clustered at the C-terminal region [72—75]. 

The protein 4.1 gene (ELI) is known by its extremely complex alternative 
splicings, which have been studied mostly by Conboy in Berkeley. Total deficiency 
of protein 4.1 has been reported in four HE patients, in whom the mutations at the 
downstream AUG of this gene are known to be pathognomonic. Qualitative ab¬ 
normalities in the protein 4.1 gene have also been reported in two categories: (1) 
a truncated form (protein 4.1 68/65 ), and (2) an elongated form (protein 4.1 95 ). In 
the former, the 10 lcDa spectrin—actin domain is missing due to a deletion of 
Lys407—Gly486, and in the latter, the 10 kDa spectrin—actin domain is essentially 
duplicated due to an insertion of Lys407—Gln529. 

The protein 4.2 mutations are almost all limited to the Japanese population, ex¬ 
cept for protein 4.2 Tozeur and protein 4.2 Lisboa which were reported by Hayette 
et al. in Lyon. To date, four missense mutations, one frameshift mutation, one non¬ 
sense mutation, and one donor site mutation have been detected (Fig. 1.5). The pa¬ 
tients are homozygotes of compound heterozygotes by two different missense mu¬ 
tations. Most of the mutations of the protein 4.2 gene (EPB42) are of the Nippon 
type. The structure and functions of EPB42 were investigated extensively by Korsg- 
ren et al. in Boston, Sung et al. in San Francisco, and Takaoka and our group in 
Japan. A protein 4.2 variant (protein 4.2 doublet Nagano) was produced by post- 
translational modification in addition to the presence of a missense mutation 
(CGT488CAT). The expression of EPB42 and protein 4.2 during erythroid develop¬ 
ment and differentiation has been studied. mRNA was expressed in early erythro- 
blasts, but protein 4.2 per se appeared in late erythroblasts (probably at the stage of 
orthochromatic normoblasts close to reticulocytes. 
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1.7 

Reevaluation of Molecular Electron Microscopy for Phenotypes 

Although cytosolic proteins (hemoglobin, glycolytic enzymes, etc.) demonstrate 
their biological activities in the cytoplasm, membrane proteins have to be as¬ 
sembled into the stereotactic ultrastructure of cell membranes in situ to demon¬ 
strate their biological functions, such as membrane transport, cell shape, and 
cell deformability. Therefore, in a diseased state, even though some determined 
gene mutations have been identified, their significance must be examined as to 
whether or not they can explain the determined phenotypes. Biochemical examina¬ 
tions may not be enough to verify the causal relationship between the genotype 
and the phenotype in diseased states. From this standpoint, molecular electron mi¬ 
croscopy plays a crucial role in proving abnormalities in membrane ultrastructure 
in situ, which can be expected from the data obtained by gene analyses. 

Electron microscopic examinations of the integral proteins of red cell mem¬ 
branes were initiated by Meryman and Kafig in 1955 utilizing the freeze-fracture 
method [76]. Thereafter, this method was improved by Bullivant and Weinstein, 
who applied it to the red cells of paroxysmal nocturnal hemoglobinuria in 1967. 
They found multiple small disseminated particles on the outer surface of red 
cell membranes and designated these particles as MAPs (membrane-associated 
particles). Weinstein (1970) reported that the number of MAPs was 2600 ± 
520 pm -2 , which is fairly close to the value which is now widely accepted, approxi¬ 
mately 5000 ± 500 pntT 2 . MAPs are equivalent to intramembrane particles (IMPs), 
80% of which are composed of band 3 molecules. In the early 1970s, when elec¬ 
tron microscopy with the freeze-fracture method became widely utilized, MAPs, 
that is IMPs, appeared to be considered erroneously as glycophorins, which were 
being investigated extensively at that time [77]. 

In normal subjects, IMPs (mostly band 3 molecules) are distributed regularly 
like icebergs floating on the sea with wide open channels of water between 
them (Fig. 1.6). The basic molecular size of approximately 80% of IMPs is around 
8 nm in diameter. This unique distribution pattern is dependent on the physiolog- 



Figure 1.6 Intramembrane 
particles (IMPs) in normal 
human red cells examined 
by electron microscopy with 
the freeze fracture method. 
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ical restriction of band 3 molecules, which are bound to the cytoskeletal network 
via ankyrin (Cohen et al., 1978). In the diseased state, IMPs may be polymerized 
to form larger aggregates. Thus, detailed examination of the state of IMPs can 
clearly lead to detection of abnormalities of band 3 molecules. In mutated condi¬ 
tions, these observations were made with a total deficiency of band 3 (Inaba, et 
al., 1996 [78], Peters et al., 1996, and Palek et al., 1996), with a total deficiency 
of protein 4.2 (Yawata, 1994 [79]), and in the rare homozygous missense mutation 
of band 3 Fukuoka (Inoue et al., 1998) [80]. 

Not long after electron microscopy with the freeze-fracture method had been es¬ 
tablished, detection of the cytoskeleton in red cell membranes was attempted in 
parallel. Cohen and Branton et al. (1975), and Bennett et al. (1977) reported the 
presence of the cytoskeleton electron microscopically [55]. In 1976, Lux et al. re¬ 
ported the detection of fibrous spectrins in the red cell membrane structure utiliz¬ 
ing electron microscopy [81]. Their findings were followed by those of Sheetz and 
Singer (1977), Ralston et al. (1978), and Shotton (1979). The presence of the cyto¬ 
skeletal network was verified by Tsukita et al. (1980) using electron microscopy 
with the thin-section method, and by Nermut (1981), and Byers and Branton 
(1985) using electron microscopy with the negative staining method [82]. 

During this same period, red cell membrane proteins were first extracted and 
purified, and structural analyses of these red cell membrane proteins began, initi¬ 
ally with spectrin molecules [51, 55, 82, 83]. By utilizing electron microscopy with 
the negative staining method, a monomer, a dimer, and a tetramer of the extracted 
spectrins were analyzed by many investigators, including Branton (1978), Byers 
(1985), Shen (1986), and Liu (1987). Biochemical results on the formation of het- 
erotetramers (a 2 p 2 ) from heterodimers (aP) of the extracted a- and p-spectrins were 
verified and visualized by electron microscopy. At this point, studies on membrane 
proteins expanded from ones on a single molecule to ones on the interactions of 
these membrane proteins in situ. 

It was not long until the cytoskeletal network was discovered with a basic unit of 
hexagonal forms. Immuno-electron microscopy with antibodies against various 
purified membrane proteins made great contributions to identification of the 
exact localization of these membrane protein in situ, as published by Liu et al. 
(1987), and Derick et al. (1992). Electron microscopy with the negative staining 
method was an excellent tool for comprehending the structures and functions of 
these extracted, purified membrane proteins in vitro. 

With clarification of the overall view of the cytoskeletal network in normal red 
cell membranes, studies on the red cell membranes in diseased states were started, 
especially by Liu, who treated red cell ghosts of hereditary elliptocytosis and of he¬ 
reditary pyropoikilocytosis at a low ionic strength or a low concentration of Triton 
X-100, and examined them by electron microscopy with the negative staining 
method. He first observed disruption of the cytoskeletal network in these patients 
(Liu et al, 1990 and 1992 [84]). 

As mentioned previously, although this negative staining method was an excel¬ 
lent tool for studies on extracted membrane proteins, there was a theoretical lim¬ 
itation to its methodology in that the cytoskeletal network had to be artificially ex- 
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tended by various detergents. Therefore, electron micrographs obtained by this 
method may not exhibit the true native unimpaired state of the cytoskeletal net¬ 
work in vivo. For this purpose, electron microscopy with the quick-freeze deep-etch¬ 
ing (QFDE) method was developed, and applied to the examination of the cytoske¬ 
letal network in normal red cell membranes in situ (Fig. 1.7) by Pumplin et al. 
(1990) and Ursitti et al. (1991) [85]. With this method, electron microscopic images 
of red cell membranes became extremely clear and sharp, and could be easily ex¬ 
amined qualitatively and quantitatively. 

The first application of this method to diseased states was made by our group. 
For better qualitative and quantitative evaluations, limited disorders were selected, 
such as cases of genetically identified homozygous mutations with total deficien¬ 
cies of the determined membrane proteins. In this category, total deficiency of pro¬ 
tein 4.1 (protein 4.1 Madrid: Yawata et al., 1997 [86]) was evaluated with regard to 
the cytoskeletal network, total deficiency of bovine band 3 (Inaba et al, 1996 [78]) 
was examined with regard to the integral proteins, and the total deficiency of pro¬ 
tein 4.2 (Inoue et al., 1994, and Yawata et al., 1996 [87]) was evaluated. Studies were 
further extended to homozygous band 3 Fukuoka (Inoue et al., 1998 [80]), and P- 
spectrin Yamagata (p-Sp 220/214 ) in hereditary elliptocytosis (Yawata et al, 1994 [88]). 

For immuno-electron microscopy in situ, we developed a technique of electron 
microscopy using the surface-replica method (Yawata et al., 1994) [88]. This proce¬ 
dure is carried out at room temperature, which means that the method is applic¬ 
able to immuno-electron microscopy. The quality of images is fairly good. Using 
this method, we employed immuno-electron microscopy to study Ankrin Marburg 
and Ankyrin Stuttgart (Yawata et al., 1999). This method can verify the functional 
significance of determined genotypes in the red cell membrane structure in situ. 



Figure 1.7 Cytoskeletal network of 
normal human red cells examined by 
electron microscopy with the quick- 
freeze deep-etching method. 
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2 

Composition of Normal Red Cell Membranes 


2.1 

Introduction 

Some of the components of the red cells exist in entirety in the structural portion 
of the cell, although it would appear that others occur in both the membrane and 
the free fluid of the cell. Therefore, the method of separation of the cell membrane 
definitely determines whether or not a cell component appears as part of the struc¬ 
ture or free in the cellular fluid. This clearly indicates that some cell components 
may be associated with, but may not be an essential part of, the membrane ghost. 

The substantial quantities of proteins, lipids, and carbohydrates, which are the 
components of red cell membranes, are closely associated with one another in 
the membranes. 

Fractions of red cell ghosts containing various proportions of proteins, lipids, 
and carbohydrates have been prepared by many techniques. None have been prov¬ 
en to be discrete entities. However, for membrane protein analyses, red cell ghosts 
can be prepared basically by the hypotonic lysis method, and analyzed by sodium 
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) utilizing the 
methods of Fairbanks et al. [1], and of Laemmli [2]. Even with this procedure, pre¬ 
paration of membrane proteins from red cell ghosts was difficult due to the ease 
with which the peripheral proteins can be lost when red cell membrane ghosts 
were washed. 

Dodge et al. [3] demonstrated that all the lipids in red cells could be recovered in 
completely hemoglobin-free membrane ghosts prepared by lysis and washing with 
a hypotonic phosphate buffer. It is now generally accepted that, in red cells in na¬ 
ture, all the cellular lipids reside in the cell membrane. 

It has been reported that the red cells are composed of water (721 + 17 mg mlT 1 
of the red cells), proteins (371 mg mlT 1 of the red cells), most of which is hemo¬ 
globin (335 mg mLT 1 of the red cells), lipids (5.1 mg mlT 1 of the red cells), and 
carbohydrates (80 mg mlT 1 of the red cells). The red cell membranes are com¬ 
posed of 19.5% (w/w) water, 39.6% proteins, 35.1% lipids, and 5.8% carbohy¬ 
drates, the relative contents of which appear to be similar to those in most animal 
membranes [4]. 

Disregarding the water content, which remains inside the membrane ghosts, in¬ 
tact red cell ghosts contain 49.2% (w/w) protein, 43.6% total lipids (32.5% phos- 
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pholipids and 11.1% cholesterol), and 7.2% total carbohydrates (4.0% neutral 
sugars, 2.0% hexosamines, and 1.2% sialic acids) [4]. 


2.2 

Membrane Lipids 

Composition and functions of membrane lipids are described in this Section, but 
their biophysical characteristics are also described in the Introduction of Chapter 
17 (Section 17.1) in normal and disease states. 

2 . 2.1 

The Contents and Nature of Membrane Lipids 

The content of total lipids is approximately 5.0 X 1CT 10 mg per red cell, in which 
phospholipids are about 60 %, neutral lipids (chiefly free cholesterol) 30 %, and the 
rest is glycolipids. The molar ratio of cholesterohphospholipids is 0.90 (Table 2.1). 

In human red cells, phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
sphingomyelin (SM), and phosphatidylserine (PS) are predominant, that is, ap¬ 
proximately 31% (w/w), 29%, 26%, 13%, respectively [5—8]. Minor components 
are phosphatidylinositol (PI), Pi-monophosphate (PIP), PI-4,5-bisphosphate 
(PIP 2 ), phosphatidic acid (PA), lysophosphatidylcholine (lyso-PC), lysophosphat- 
idylethanolamine (lyso-PE). At the physiologic pH, PS, PA, and PI have a net 
negative charge, although the other major phospholipids are electrically neutral. 


Table 2.1 The contents of plasma lipids and red cell membrane lipids in normal human beings. 


(A) Plasma lipids 


Cholesterol (mg dL ') 

Total 

178 ± 32 

Free 

49 ± 9 ( 27.5 ± 5 . 0 %) 

Esterified 

129 ± 23 ( 72.5 ± 12 . 9 %) 

High-density-lipoprotein 

Cholesterol (mg dL ') 

50 ± 11 

Phospholipids (%) 

Lysophosphatidylcholine 

4.8 ± 2.4 

Phosphatidylcholine 

69.2 ± 6.3 

Sphingomyelin 

17.2 ± 2.7 

Phosphatidylethanolamine 

3.4 ± 3.1 

Phosphatidylserine + phosphatidylinositol 

2.3 ± 2.3 

Others 

2.2 ± 2.6 

Triacylglycerols (mg dL -1 ) 

95 ± 65 

Lipoprotein X 

- 
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Table 2.1 Continued. 


(B) Red cell membrane lipids 

Free cholesterol (FC) 

1202 ± 103 

Total phospholipids (PL) 

2604 ± 241 

Lysophosphatidylcholine (L — PC) 

34 ± 18 ( 1.3 ± 0 . 7 %) 

Phosphatidylcholine (PC) 

747 ± 73 ( 28.7 ± 2 . 8 %) 

Sphingomyelin (SM) 

674 ± 49 ( 25.9 ± 1 . 9 %) 

Phosphatidylethanolamine (PE) 

805 ± 42 ( 30.9 ± 1 . 6 %) 

Phosphatidylserine (PS) + phosphatidylinositol (PI) 

344 ± 34 ( 13.2 ± 1 . 3 %) 

PC + SM + L-PC/PE + PS + PI 

1.27 ± 0.04 

FC/PL ratio 

0.90 ± 0.04 

SM/PC ratio 

0.90 ± 0.07 


The numbers represent pg per 10 10 red cells. 

The numbers in parentheses represent the percentage of phospholipids (mean value ± 1 SD). 


Except for SM and lyso-PC, most phospholipids have two fatty acid chains, which 
are attached to a glycerol backbone. The state of saturation (saturated or unsatu¬ 
rated) of fatty acids, and the length of these acyl chains should affect the degree 
of membrane fluidity significantly, as described in the following chapters. The lyso- 
phospholipids have only one fatty acid, and demonstrate strong hemolytic proper¬ 
ties, especially on lyso-PC. 

Contrary to these results in human red cells, it is interesting to note that PC is 
totally absent in the red cells of sheep and is reduced markedly in camels, and in 
the red cells of rats it is significantly increased (47.5 %) [6, 9]. The relative contents 
of PE (around 25%) and PS (approximately 15%) are fairly consistent in the red 
cells of these animals. The exact reason why these discrepancies exist in the various 
species of mammals and its biological significance in their membrane functions 
have not been elucidated. 

Comparative fatty acid patterns of total lipids of red cells from various animal 
species [6, 9] demonstrate that in human red cells, the fatty acid (16:0) is predomi¬ 
nant, but also other fatty acids (18:0, 18:1, 18:2, and 20:4) are present at almost the 
same levels [7, 8] (Table 2.2). However, in the red cells of sheep, the fatty acid (18:1) 
is significantly increased, but other fatty acids (16:0, 18:0, 18:2), and particularly the 
fatty acid (20:4), are at a minimum. In contrast, in rat’s red cells, the predominant 
fatty acids are 16:0 and 20:4 [6]. These striking differences in lipid composition may 
have important implications for the membrane properties of the different cells. 

It is known that phospholipids such as amphipathic lipids contain aliphatic car¬ 
bon chains or tails at one end of the molecule which attach to polar head groups 
with more highly charged moieties [6, 9]. The hydrophobic tails of these molecules 
exclude water by associating together and forming a nonaqueous interior. The 
polar head groups keep contact with the aqueous solution however. This molecular 
mechanism leads to the formation of micelles. Membrane lipids are generally com¬ 
posed of highly polar head groups and enormous hydrophobic tails, which allow 
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Table 2.2 Fatty acid composition of plasma lipids and red cell membrane lipids in normal 
human beings. 

(A) Fatty acids of plasma lipids 



Total lipids 

Phosphatidylcholine 

(PC) 

Sphingomyelin 

(SM) 

Phosphatidyl- 
ethanolamine (PE) 

DMA 

- 

- 


- 

5.7 ± 1.1 

16:0 

21.0 ± 1.1 

28.9 + 1.1 

25.4 ± 0.4 

14.4 ± 1.4 

16:1 

1.6 ± 0.9 

- 


- 

- 

DMA 

- 

- 


- 

5.7 ± 0.7 

18:0 

7.5 ± 0.4 

14.5 ± 0.3 

7.7 ± 0.7 

13.9 ± 1.2 

18:1 

18.6 ± 2.3 

10.5 ± 0.5 

4.3 ± 1.3 

10.2 ± 1.4 

18:2 

33.5 ± 4.5 

26.1 ± 2.4 

6.3 ± 2.3 

19.0 ± 3.2 

20:0 

- 

- 


4.1 ± 0.6 

- 

20:1 

- 

- 


- 

- 

20:3 

1.0 ± 0.3 

2.2 ± 

0.5 

- 

- 

20:4 

5.7 ± 0.6 

7.1 ± 

0.7 

- 

11.2 ± 1.7 

20:5 

1.7 ± 0.6 

2.4 ± 

0.6 

- 

2.4 ± 0.7 

22:0 

- 

- 


11.3 ± 2.2 

- 

22:1 

- 

- 


1.7 + 0.5 

- 

22:2 

- 

- 


4.7 + 0.8 

- 

22:5 

- 

- 


1.9 ± 0.4 

1.1 ± 0.3 

22:6 

4.0 ± 0.7 

5.3 ± 

0.5 

- 

9.7 ± 1.7 

24:0 

0.5 ± 0.1 

- 


7.9 ± 1.0 

- 

24:1 

0.9 ± 0.1 

- 


19.9 ± 2.6 

- 

(B) Fatty acids of red cell membrane lipids 


Total lipids Phosphatidyl- 

Sphingo- 

Phosphatidyl- 

Phosphatidylserine + 


choline (PC) 

myelin (SIVI) 

ethanolamine(PE) phosphatidylinositol 

DMA 

- 


- 

4.8 ± 0.3 

- 

16:0 

21.8 ± 1.2 34.9 ± 0.8 

26.2 ± 1.1 

16.0 ± 0.5 

3.8 ± 0.7 

DMA 

— - 


- 

8.0 ± 0.9 

- 

18:0 

14.3 ± 0.4 12.2 ± 0.4 

7.1 ± 0.5 

8.7 ± 0.2 

46.7 ± 2.8 

18:1 

13.4 ± 1.0 17.2 ± 0.6 

2.4 ± 0.6 

17.0 ± 0.8 

8.5 ± 0.7 

18:2 

10.8 ± 1.0 22.6 ± 1.0 

2.2 ± 0.8 

6.6 ± 1.2 

2.3 ± 0.2 

20:4 

12.0 ± 0.8 4.6 ± 0.6 

- 

16.4 ± 0.9 

18.2 ± 0.7 

20:5 

1.5 ± 0.5 1.6 ± 0.4 

- 

3.0 ± 0.7 

0.9 ± 0.4 

22:0 

- 


7.0 ± 0.4 

- 

- 

22:4 

- 


- 

3.4 ± 0.5 

2.0 ± 0.3 

22:5 

2.8 ± 0.3 


4.4 ± 0.5 

3.8 ± 0.4 

3.2 ± 0.4 

22:6 

7.2 ± 0.9 2.9 ± 0.4 

- 

9.5 ± 0.9 

10.8 ± 0.9 

24:0 

4.9 ± 0.7 


19.1 ± 0.8 

- 

- 

24:1 

4.4 ± 0.9 


26.6 ± 1.5 

- 

- 


Values are percentages. DMA : dimethylacetal derivatives. 








2 Composition of Normal Red Celt Membranes | 31 

them to exist in the hydrophobic environment of a membrane lipid bilayer. The 
most amphipathic phospholipids are phosphoglycerides and SM. 

The glycolipids in human red cells are mostly based on sphingosine, such as gly- 
cosphingolipids [6, 9]. Typical arrangements of sugar residues or the lipid core re¬ 
sult in the formation of gangliosides. Glycolipids are located almost exclusively on 
the extracellular face of the lipid bilayer, and the sugar residues stick out into the 
extracellular space. They carry several important red cell antigens, such as A, B, H, 

Le a , Le b , and P and may also provide other important functions [10]. Glycolipids 
and cholesterol are intercalated between the phospholipids in the bilayer, with 
their long axes being perpendicular to the lipid bilayer. 

2 . 2.2 

Asymmetry of the Membrane Lipid Bilayer 

In human red cells, PS (96 ±4%) and PE (80 + 5 %) are almost exclusively located 
in the inner monolayer of the lipid bilayer, while PC (30 ±7%) and SM (approxi¬ 
mately 10 %) are present minimally in the inner monolayer. Therefore, PC and SM 
are predominantly located in the outer monolayer [5, 6]. 

This lipid asymmetry is a widespread property of eukaryotic membranes, and ap¬ 
pears to play a critical role in the normal interaction of the cell with its outer en¬ 
vironment [11, 12]. The best example is the appearance of PS on the outer surface 
which may lead to a thrombotic diathesis through its binding to prothrombinase, 
or to apoptosis with the complement activation. The complement induces apopto¬ 
sis of the cell by the appearance of PS on the outer surface. 

This asymmetry appears to depend on the activity of flippase [13], which actively 
translocates PS and PE to the inner leaflet, and that of floppase [14, 15], which cat¬ 
alyzes translocation to the outer leaflet of the bilayer. Flippase is a member of the 
Mg 2+ -dependent, P-glycoprotein ATPases. Floppase is a multidrug resistance pro¬ 
tein 1 (MRP1). An enzyme, scramblase, has also been isolated [16], and which is 
proposed as being responsible for the redistribution of membrane phospholipids 
under the activation of calcium via an EF motif. A defect in phospholipid scram¬ 
blase has been found in Scott syndrome, in which activated platelets fail to expose 
phosphatidylserine on their surface sufficient for assembly of prothrombinase 
resulting to bleeding tendency [17]. 

Red cell lipids also exist in different domains within each of the bilayer planes; 
that is a cis asymmetry, related to macroscopic and microscopic domains of the 
membrane lipids [18-19]. These lipid-rich domains are intrinsic structural features 
of the membrane. Lipids also partition on a microscopic scale within the mem¬ 
brane. Positively charged amino acids are concentrated on the cytoplasmic side 
of glycophorins, because glycophorin A binds anionic (phosphatidylserine and 
phosphatidylinositol) but nor choline (phosphatidylcholine and sphingomyelin) 
phospholipids. Anionic phospholipids appear to cluster near the regions of positive 
charge. Other surface-bound membrane proteins (spectrin and protein 4.1) also 
prefer to bind to anionic phospholipids. The membrane microdomains or rafts 
produce lateral heterogeneity in the lipid bilayer of the plasma membrane in 
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various signaling processes in cell membranes [20-23]. Typical examples have 
been demonstrated as a complex mixture of membrane proteins including stoma- 
tin, the Duffy protein receptor, glycosylated phosphatidylinositol-anchored proteins 
(GPI-proteins: CD55, CD58, and CD59). Cholesterol depletion from the red cell 
membrane abolishes this raft formation by losing the ability to produce membrane 
microdomains. Therefore, membrane lipid rafts may function for the membrane 
remodeling on its surface. 

In red cell membranes of various species of mammals, the asymmetry of the dis¬ 
tribution of these phospholipids has been observed as being a fairly common phe¬ 
nomenon. The extent of this asymmetry, however, is variable, that is, PC at the 
outer leaflet of pig’s platelets is about 40 % of the total PC, and only 20 % of the 
total PC is present at the brushborder of a rabbit’s gut [6]. The biological signifi¬ 
cance of the variation of phospholipid distribution among the various species of 
mammals is not known at the present time. Among these species, PS and PE 
are almost consistently located in the inner leaflet of the membrane lipid bilayer 
of various tissues [11, 12]. 

2.2.3 

Membrane Fluidity 

The long hydrocarbon tails of phospholipids can be modified to varying extents by 
the formation of double bonds between carbon moieties, which create unsaturated 
phospholipids. The state of saturation of fatty acids should affect the extent of 
membrane fluidity significantly [24]. As the degree of desaturation increases, the 
packing of hydrophobic tails in the core of the bilayer is increasingly disrupted, 
thereby enhancing the membrane fluidity. 

Membrane lipid fluidity is basically dependent on several factors (Table 2.3), 
these are: the type of cholesterol (free or esterified), the class of phospholipids, 


Table 2.3 Determinants of red cell membrane fluidity 



Softening factors 

Hardening factors 

Type of cholesterol 

Esterified 

Free (unesterified) 

Molar ratio of cholesterol/ 
phospholipids 

0.60 <- (1.00) -> 

1.60 

Type of phospholipids 

Increased PC 

Increased FC and SM 

Saturation of fatty acids 

Increased unsaturation 

Increased saturation 

Length of acyl chains 

Increased shorter chains 
(C : 14-16) 

Increased longer chains 
(C : 20-24) 

Content of Lyso—PC 

Increased Lyso—PC 

Decreased Lyso—PC 

Presence or absence of amphipathic 
compounds 

Presence 

Absence 


FC: free (unesterified) cholesterol, PC: phosphatidylcholine, SM: sphingomyelin, 
Lyso-PC: lyso-phosphatidylcholine. 
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the molar ratio of cholesterol to phospholipids, the degree of saturation of fatty 
acids, as discussed above, the length of the acyl chains, and the presence or ab¬ 
sence of amphipathic compounds such as lysophosphatides [24]. Free cholesterol 
(FC) decreases the membrane fluidity, while esterified cholesterol (EC) increases 
it. PC increases the membrane fluidity, and SM and PE decrease it. Short acyl 
chains and low saturation of fatty acids increase membrane fluidity, and longer 
acyl chains and high saturation of fatty acids decrease it. Lysophosphatides increase 
membrane fluidity. Compensation for an alteration to one or more of these vari¬ 
ables to maintain normal membrane fluidity has been termed “homeoviscous 
adaptation” by Sinensky [25]. This phenomenon has been observed in Escherichia 
coli, fungi (Fusarium), Tetrahymena, hibernating squirrels, guinea pig lymphatic 
leukemia cells, and human red cell membrane disorders such as congenital le- 
cithinxholesterol acyltransferase (LCAT) deficiency [7] and hereditary high red 
cell membrane phosphatidylcholine hemolytic anemia (HPCFIA) [8], as described 
in detail in the Sections 17.2 and 17.4 of this monograph. 

2.2.4 

Renewal of Membrane Lipids 

Mature human red cells cannot synthesize membrane lipids (fatty acids, phospho¬ 
lipids, or cholesterol) de novo. Therefore, they depend on lipid exchange and acyla¬ 
tion of fatty acids as the mechanisms for phospholipid repair and renewal [5, 6] 
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Figure 2.1 Schematic pathways for lipid ex¬ 
change between plasma and red cell mem¬ 
branes. PC: phosphatidylcholine, FC: free 
cholesterol, EC: esterified cholesterol, Lyso-PC: 


lyso-phosphatidylcholine, FA: fatty acids, PE: 
phosphatidylethanolamine, PS: phosphatidyl- 
serine, and LCAT: lecithin: cholesterol acyl¬ 
transferase. 
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(Fig. 2.1). The exchange rate of outer bilayer phospholipids (PC and SM) with the 
phospholipids of lipoproteins in plasma is extremely slow (a turnover time of 
5 days) [26]. Phospholipids (PS and PE) at the inner leaflet of the bilayer are essen¬ 
tially nonexchangeable. 

Free cholesterol (FC) in red cell membranes exchanges readily with the unesterifi- 
ed FC in plasma lipoproteins (a half-life of 7 h) as reviewed in [6]. FC is also in part 
converted into esterified cholesterol (EC) by the enzymatic process of lecithin:cho- 
lesterol acyltransferase (LCAT). The EC, which is produced de novo by the reaction, is 
transferred out to the plasma. Therefore, LCAT catalyzes a unidirectional pathway that 
depletesthemembranecholesterolanddecreasesitssurfacearea.WhenLCATisabsent, 
as in LCAT deficiency discussed in Section 17.2, excessive membrane cholesterol 
accumulates, and expands the membrane surface area, producing stomatocytosis [7]. 

The fatty acid acylation pathway is an energy (ATP)-dependent process. By this 
pathway, fatty acids are incorporated into lysophosphatides (mostly lyso-PC) to pro¬ 
duce the natural phospholipid with two acyl chains. The enzyme (acylase) and the 
products (phospholipids) are present in the inner leaflet of the bilayer. Through 
these pathways, membrane lipid components are slowly replaced. It is known 
that approximately 30 days are required before red cell lipids reach equilibrium 
after a change in dietary fatty acids [6]. 

2.2.5 

Interactions Between Membrane Lipids and Proteins 

Membrane lipids can interact with integral membrane proteins within the lipid 
bilayer [27]. The transmembrane segments of these integral membrane proteins 
(especially band 3 protein) maintain multi-component channels and membrane 
transport pumps through stable associations with one another within the lipid 
bilayer. Other proteins, particularly protein 4.1, also interact with lipids such as phos- 
phatidylinositol 4,5-bisphosphate (PIP 2 ) forming the so-called “Pi-turnover” [28]. 

Some membrane proteins, such as glycophorin A (GP-A) bind anionic (PS, PI) 
but not choline (PC, SM) phospholipids. Positively charged amino acids are predo¬ 
minantly concentrated on the cytoplasmic side of the bilayer-spanning domains of 
glycophorins and other membrane proteins. Anionic phospholipids (PS, PI) cluster 
near these regions of positive charge. Spectrin and protein 4.1, which are surface- 
bound, bind preferentially to anionic PS and PI, resulting in a nonrandom topogra¬ 
phy at the inner leaflet of the bilayer. The exact mechanism for this nonrandom 
topography of phospholipids and proteins, however, should be elucidated in detail 
in the near future. 

2 . 2.6 

Membrane Lipids as a Determinant of Red Cell Shape 

The red cell shape is also dependent on the state of the membrane lipids. A mini¬ 
mal change (less than 0.4 %) in the surface area of the inner and outer leaflets can 
affect the shape of the lipid bilayer. Based on these facts, the lipid bilayer couple 
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hypothesis was proposed by Sheetz and Singer [29]. The phenomenon reflects the 
tight packing of membrane lipids, the independent motion of lipids in the inner or 
outer half of the bilayer, and the extreme thinness of the membrane (approximately 
8 nm in thickness). Membrane spiculation can be produced by processes that 
either expand the outer bilayer or that contract the inner leaflet, resulting in spicu- 
lated red cells (echinocytes) by exocytosis (Fig. 2.4). However, when the inner leaf¬ 
let is subjected to a relative expansion, membrane invagination (endocytosis) 
should occur by producing cup-shaped red cells (stomatocytes) [30] (Fig. 2.4). 
Strongly charged amphipathic compounds such as phospholipids cause echinocy- 
tosis, by being trapped into the outer leaflet of the lipid bilayer by their fixed 
charge. Some amphipathic compounds, which are permeable and can cross the 
membrane in their uncharged form, cause the membrane to extend toward the 
side of greater accumulation [31]. It is a general rule that cationic compounds ac¬ 
cumulate in the inner leaflet, which is negatively charged, and anionic compounds 
are distributed in the outer leaflet which is neutral. This variation is extremely sen¬ 
sitive, and can produce a change in the shape of the red cells. There have been nu¬ 
merous reports on the in vitro experiments utilizing various amphipathic com¬ 
pounds (chlorpromazine, vinblastine, etc.), echinocytogenic agents (barbiturates, 
salicylates, saponin, ethanol, calcium, etc.), or stomatocytogenic agents (lecithin, 
cholic acid, primaquine, colchicine, Triton-X, etc.) [32]. Although this coupled bi¬ 
layer hypothesis is very attractive, and can explain a number of phenomena well, 
a serious question has recently been raised by Nakao [33]. The facts are as follows: 
human red cells are stomatocytic at pH 5.5, diskoid at pH 7.0, and crenated at pH 
7.9. The shape of ghosts obtained by osmotic hemolysis is quite different, that is, 
crenated at pH 5.5, diskoid at pH 7.0, and stomatocytic at pH 7.9. The discrepancy 
in the results cannot be explained adequately by the coupled bilayer hypothesis 
alone [33]. Gedde et al. [34] have recently demonstrated that the resealed ghosts 
with normal ATP level behaved much like intact red cells, not like unincubated 
ghosts. This may indicate that the shape of red cells is primarily determined by 
membrane proteins, especially the spectrin network, but also secondarily by the 
lipid bilayer. 


2.3 

Membrane Proteins 

2 . 3.1 

Separation and Identification of Membrane Proteins 

The red cell membranes contain more than ten major proteins, and probably hun¬ 
dreds of minor proteins. These proteins are usually extracted from red cell ghosts, 
which are washed three times with the isotonic saline and are subjected to hypo¬ 
tonic hemolysis with mild detergent to remove the membrane lipids [3]. The red 
cell ghost proteins are separated by sodium dodecyl sulfate (SDS)—polyacrylamide 
gel electrophoresis (PAGE) [1, 2] (Fig. 1.3). The individual protein fractions are 
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named according to their electrophoretic mobility by the SDS—PAGE, as described 
by Fairbanks [1]. The top (slowest) migrating band is band 1, the next slowest band 
is band 2, and so on. Sub-bands are designated with decimals, that is, protein 4.1 
and protein 4.2, which are two sub-bands constituting a region at the position of 
the fourth migrating band. The protein bands are named logically from 1 to 7. 
Since protein chemistry has characterized the nature of these proteins, these pro¬ 
teins have thus been renamed to indicate their biochemical nature and functions 
more precisely (Table 1.1). For example, band 1 and 2 are the a- and (3-chain of 
spectrin, band 2.1 is ankyrin, band 3 is the anion transport exchanger (AE-1), 
and protein 5 is actin. Some of major membrane proteins (proteins 4.1 and 4.2) 
are recognized by utilizing their numerals as they stand. Although it has been 
known that numerous membrane proteins are identified as protein bands on the 
SDS—PAGE gels, the most notable membrane proteins are the two spectrin sub¬ 
units (a- and (3-chain), ankyrin, the adducins, band 3, protein 4.1, protein 4.2, pro¬ 
tein p55, actin, protein 7.2b (stomatin), and the glycophorins. These membrane 
proteins are easily identified on the SDS—PAGE gel by the staining method 
using Coomassie-blue, except for the glycophorins, which can only be detected 
by the staining method using Periodic acid Schiff (PAS) (Fig. 1.3). 

2.3.2 

Membrane Proteins and Membrane Structure 

Membrane proteins are categorized into two groups according to the ease with 
which they can be removed from the membranes [35]. Some of them are more 
loosely associated, and they are easily removed by high- or low-salt or high-pH ex¬ 
traction, probably because they appear to be associated with only one face (exterior 
or interior) of the membrane. This group of membrane proteins is called the 
“peripheral proteins”. The second group of membrane proteins, “integral 
proteins”, can be extracted only by harsh reagents (chaotropic solvents or deter¬ 
gents), probably because they are tightly embedded into or through the lipid bilayer 
by hydrophobic domains within their amino acid sequences. The representative pe¬ 
ripheral proteins are spectrins (a- and P-chains), and the most typical examples of 
integral proteins are band 3 and glycophorins (Fig. 2.2). 

Membrane proteins are also classified into three categories according to their 
functional properties in the membrane ultrastructure. The first ones are cytoskele- 
tal proteins. Typical examples are spectrins (a- and P-chains), protein 4.1, and actin. 
They are specifically associated with one another to form a cytoskeletal network, 
which is localized just beneath the lipid bilayer, as visualized by electron micro¬ 
scopy (see Section 3.2.2). The second are integral proteins. The representative pro¬ 
teins are band 3 and glycophorins, which are firmly embedded into the lipid bi¬ 
layer. The third are anchoring proteins, that is, ankyrin and protein 4.2. These 
membrane proteins connect with the cytoskeletal network and the integral pro¬ 
teins. 

Considering the arrangement of the major membrane and cytoskeletal proteins 
within and attached to the red cell membranes, the NH 2 -terminus of the a-chain of 
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Figure 2.2 Topographical localization of human proteins; Ank: ankyrin, and P4.2: protein 4.2. 
red cell membrane proteins and their interac- Cytoskeletal proteins; a-Sp: a-spectrin, 
tions. Integral proteins; B3: band 3, GPA: gly- (3-Sp: P-spectrin, ADD: adducin, 4.1: protein 4.1, 
cophorin A, and GPC: glycophorin C. Anchor TMY: tropomyosin, and TMD: tropomodulin. 


spectrin interacts with the COOH-terminus of the P-chain of spectrin, that is, a 
spectrin dimer—dimer interaction resulting in the formation of the tetramer of 
spectrin (a 2 p 2 ) [36]. Attachment of the cytoskeletal network to the membrane is 
mediated by the formation of spectrin/actin/protein 4.1 junctional complexes, 
which in turn attach to the cytoplasmic domain of glycophorin, and the binding 
of ankyrin to both spectrin and the cytoplasmic domain of band 3, an interaction 
that is facilitated by protein 4.2 [37]. 

The extent of the membrane protein functions is regulated by the state of phos¬ 
phorylation, methylation, glycosylation, even or lipid modification (myristylation, 
palmitylation, or farnesylation) in these protein molecules [38]. Expression of 
membrane proteins are also under the control of genetic and epigenetic (gene 
phosphorylation, acetylation, methylation, and others) modification of membrane 
protein genes. 

2.3.3 

Membrane Proteins in the Red Cell Surface 

Sialic acid residues are abundant in the red cell surface, which is negatively 
charged. These residues are present mostly on glycophorin A but also on other gly- 
cophorins, band 3 (the anion exchanger), and glycolipids [10, 35]. Glycophorins 
(glycophorins A, B, C, and D) are four sialic acid-rich glycoproteins and are a 
class of integral proteins [39, 40]. They constitute approximately 2 % of the total 
















38 


2.3 Membrane Proteins 


red cell membrane protein content. The gene codings for glycophorins A and B are 
located on chromosome 4, and those for glycophorins C and D on chromosome 2 
(Table 1.2). Glycophorins consist of three domains: a cytoplasmic domain, 
which contains a cluster of basic residues that are located near the plasma mem¬ 
brane; a hydrophobic domain, which exists as a single a-helix spanning the lipid 
bilayer; and an extracellular domain, which is heavily glycosylated and has resides 
on the cell surface. Carbohydrates which are located near or on the cell surface, 
impart a strong net negative charge to the cell surface. The negative charge 
reduces the interaction of red cells with one another, the same as with other 
blood cells and vascular endothelial cells. Glycophorin C interacts with protein 

4.1 and p55. 

Blood type antigens are also located on the red cell surface [10]. MN blood group 
antigens reside on the glycophorin A molecule, the Ss antigen on glycophorin B, 
and the Gerbich blood group antigen on glycophorin C. The Rh blood group anti¬ 
gens are carried by a family of nonglycosylated but palmitoylated membrane pro¬ 
teins consisting of Rh 30 (RhD and RhCE) polypeptides and the Rh 50 glycopro¬ 
tein. Other blood type antigens (Duffy, Kell, Kidd, Lutheran, Lewis, and many 
others) are known to reside on the red cell surface. The details are described in Sec¬ 
tion 5.3, and also in Section 15.3 in disease states. 

Glycosylphosphatidylinositol (GPI(-anchored membrane proteins are embedded 
in the outer leaflet of the lipid bilayer [41]. A hydrophobic GPI anchor connects ex¬ 
ternally exposed hydrophilic proteins with the hydrophobic lipid bilayer. 

Numerous biologically important GPI-linked surface proteins are known, such 
as CD59, acetylcholinesterase, leukocyte alkaline phosphatase, the CD4 antigen, 
and many others. Among these, the most important proteins are a group of 
complement-regulatory proteins in clinical hematology. Defective biosynthesis of 
the GPI anchor (due to mutations of the pig-A gene that encodes a key intermediate 
in the first step of this anchoring) means that these proteins are unable to become 
attached to the membrane, causing increased susceptibility to intravascular hemo¬ 
lysis by complement. The disorder is well known as paroxysmal nocturnal hemo¬ 
globinuria (PNH) [41] (see Section 5.4). 

2.3.4 

Membrane Proteins and Membrane Functions 

2.3.4.1 Red Cell Morphology and Shape Change 

Normal red cells demonstrate a unique biconcave disk shape (a discocyte) (Fig. 
2.3), which allows the red cell to undergo marked deformation with a constant sur¬ 
face area [35]. The normal mature red cells of human adults have a mean red cell 
corpuscular volume (MCV) of 90 fL, a mean red cell hemoglobin concentration 
(MCHC) of 33%, and a surface area of 140 pm 2 . In a pathological situation, 
such as spherocytosis, the surface area of these red cells would be 98 pm 2 with 
an MCHC of 40%. Therefore, the diskoid shape gives a surface area of half as 
much again as would a spherocyte of equivalent volume. The excess surface area 
(approximately 40 pm 2 ) in normal red cells allows it to undergo marked deforma- 
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Figure 2.3 Normal discocytes by 
scanning electron microscopy. 



tion. Red cell deformation itself is usually not associated with an increase in sur¬ 
face area. Although the normal red cells are able to undergo a large linear exten¬ 
sion of up to more than two-fold from their original dimensions, an increase of 
only 3—4% in surface area should cause the rupture of the red cells. Therefore, 
the maintenance of an adequate surface area:volume ratio is important to normal 
red cell survival [42]. 

In contrast, reticulocytes, which contain several organella such as mitochondria, 
ribosomes, and others, are much less deformable than mature red cells. During the 
transitional phase to mature red cells, reticulocytes reorganize the membrane 
phospholipids, skeletal proteins, and integral proteins to produce diskoid shapes 
and cell deformability. They lose transferrin receptors, insulin receptors, and fibro- 
nectin receptors. In the skeletal protein network, protein 4.2 appears at the latest 
stage of erythroid differentiation. 

The red cells must maintain the reasonable surface area:volume ratio during 
their circulating life span. Reduction in surface area due to excessive membrane 
loss, and an increase in cell volume due to increased cell water content could 
give rise to a smaller surface area leading to spherocytic transformation of the 
red cell shape. The process creates decreased cellular deformability, by which red 
cell functions should be impaired and red cell survival has to be shortened [43]. 
Many examples are known of various membrane protein defects in clinical medi¬ 
cine, which are described in Chapters 9—17. 

Two major types of shape changes are known, these are, echinocytic transforma¬ 
tion and stomatocytic transformation, both of which lead ultimately to the forma¬ 
tion of spherocytes as the final form of the red cells (Fig. 2.4). Many reagents and 
drugs are known to produce these changes in vivo and in vitro. Membrane proteins 
as well as membrane lipids are responsible for these transformations (as discussed 
in Sections 1.3 and 2.2). Abnormalities of skeletal proteins (spectrin, ankyrin, or 
protein 4.1), integral proteins (band 3, or glycophorins), and anchoring proteins 
(ankyrin, or protein 4.2), lead to the disease states, such as hereditary spherocytosis 
(Chapter 10) and hereditary elliptocytosis (Chapter 11). Abnormal red cell shape in 
these disorders causes early destruction of these cells by the inability to maintain 
their surface area and control their cell volume. Examples of abnormal red cell 
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Figure 2.4 Stomatocytic and echinocytic changes as the pathogenesis of spherocytic transfor¬ 
mation from normal discocytes. 


shapes are echinocytes, stomatocytes, spherocytes, elliptocytes, acanthocytes, burr 
cells, schizocytes, fragmented cells, along with others. 


2.3.4.2 Red Cell Deformability 

The most important barrier to the circulation of red cells is the spleen in vivo. The 
red cells have to squeeze through narrow slits between the endothelial cells which 
line the splenic sinus wall. This procedure requires substantial deformation of the 
red cells [35, 37]. 

The term deformability means the ability of the red cells to undergo distortions 
and deformations and then to restore their normal shape without fragmentation or 
loss of integrity [42, 43]. 

Generally speaking, the red cell deformability is determined by three factors: (1) 
cell geometry, (2) viscosity of the cell contents, and (3) intrinsic viscoelastic proper¬ 
ties of the red cell membrane. First of all, cell geometry is determined by the con¬ 
tribution of the cell surface areaxell volume ratio, and is clearly the most impor¬ 
tant among these three factors. The normal volume of the red cells is approxi¬ 
mately 90 pm 2 , and the surface area of normal red cells with a biconcave disk 
shape is about 140 pm 2 , as discussed earlier. Therefore, the biconcave disk shape 
itself allows the red cells sufficient membrane and cytoskeleton for them to be sig¬ 
nificantly deformed. The red cells attain a deformability to be able to stretch as they 
undergo deformation and distortion under mechanical stress during their circula¬ 
tion. However, spherocytes or elliptocytes, which have a markedly reduced cell sur¬ 
face area, suffer from much less deformability. Any abnormalities of the structure 
of the membrane skeleton impair the normal stability and deformability of the af¬ 
fected red cells. Spectrins in the folded helical state are highly coiled in normal red 
cells [36]. The rearrangement of the cytoskeletal network, which is accompanied by 
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membrane deformation, is in a dynamic state: coiled and uncoiled, and extended 
and compressed [44]. Therefore, shape changes are not normally accompanied by a 
change in the cell surface area. However, when the forces of this stretching and 
compression are excessive, or when abnormalities of the cytoskeletal network 
exist, the network has to lead to membrane loss with a decrease in surface area 
and a change in cell geometry [45]. The best example is the poikilocytosis which 
is produced in microangiopathic hemolytic anemia. Many of the red cells are per¬ 
manently deformed or fragmented with a plastic deformation. 

The second factor, the cytoplasmic viscosity, is basically determined by the prop¬ 
erties and the concentration of hemoglobin in the red cells. At normal intracellular 
hemoglobin concentrations (30 g dlT 1 on average), viscosity does not play a major 
role in red cell deformability. However, when red cells become dehydrated (typically 
as shown in hereditary xerocytosis), red cell viscosity increases with the increased 
intracellular hemoglobin concentration [46]. 

The intrinsic viscoelastic properties of the red cells, as the third factor of the 
major three determinants for red cell deformability, appear to have a relatively 
small effect on red cell survival. A typical example is Southeast Asian ovalocytosis, 
where red cells carry a mutant band 3 protein [47]. Although the intact red cells 
and their red cell ghost membranes are extremely rigid, an almost normal survival 
in vivo is observed. 


2.3.4.3 Membrane Transport and Permeability 

A low potassium (5 mEq IT 1 on average), high sodium (142 mEq L _1 on average), 
and high calcium content (5 mg dL _1 ) are regularly observed in the plasma of nor¬ 
mal human subjects. In contrast, normal red cells maintain their intracellular con¬ 
centrations of high potassium, low sodium, and extremely low calcium, because 
these red cells are virtually impermeable to monovalent and divalent cations. On 
the other hand, the red cells are highly permeable to anions and water, which 
are exchanged readily. The normal red cells have at least three systems to maintain 
their constant volume, as follows: (1) energy-dependent active membrane pumps, 
(2) gradient-driven passive transporters, and (3) various channels [48]. 

Energy-dependent active membrane pumps Two adenosine triphosphatase (ATPase)- 
dependent cation pumps are known to maintain low sodium, low calcium, and 
high potassium levels inside the red cells [49, 50]. The first one is the ouabain- 
inhibitable Na + -K + -ATPase, which extrudes sodium from the cells to an extracellu¬ 
lar medium in exchange for potassium in a 3:2 stoichiometry, a sodium pump. The 
second one is Mg 2+ -dependent Ca 2+ -ATPase, which is a calmodulin-activated 
pump [51]. This pump extrudes calcium from the red cells and succeeds in main¬ 
taining an extremely low calcium concentration inside the red cells. This function 
is crucial for ensuring the integrity and normal survival of red cells, since calcium 
is well known to demonstrate various hazardous effects on cellular functions, such 
as membrane vesiculation, the formation of echinocytes, calpain activation, mem¬ 
brane proteolysis, cellular dehydration, and decreased red cell deformability. It is 
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interesting to note that adenosine nucleotides (such as ATP), guanosine nucleo¬ 
tides (such as GTP), and most of the glycolytic intermediates, except for phospho- 
enolpyruvate, are impermeable through normal red cell membranes [52]. Glucose, 
which is the most important energy source for the intact red cells, is transported 
instantaneously without the expenditure of energy, through utilizing a transporter 
[53, 54], 

Gradient-driven, passive transporters In this category, the K ! Cl -cotransporter, the 
anion exchanger (band 3), the Na + —K + Cl~-cotransporter, and the Na + —H + -ex- 
changer are known [55—57]. They share the common feature with each other of 
being able to move ions across the red cell membranes by utilizing the Na + /K + 
gradient, which is obtained through the sodium pump. Among them, the 
K + Cl~-cotransporter is an important carrier-mediated cotransporter, especially at 
the stage of reticulocytes. This system is activated under conditions of cell swelling, 
depleted magnesium content in the cells, thiol oxidation, and acidification. In con¬ 
trast, the role of the Na + —K + Cl~-cotransporter appears to be limited in the red 
cells. The Na + —H + -exchanger plays an important role particularly in early ery- 
throid maturation. A critical contribution of band 3 to anion transport is discussed 
in Section 5.1.2. 

Various channels In the red cells, there are water channels (the aquaporins), the 
Ca 2+ -activated K + -channel, and voltage-gated channels, which are mediated by 
Na + K + -ATPase. As the aquaporins are membrane channel proteins they play a 
role as the selective pores for water crossing through the plasma membranes. 
Aquaporin-1 (AQP1) in the red cells along with other tissue cells ensures the 
red cells are able to adjust to rapid changes in osmolarity. Aquaporin was desig¬ 
nated previously as “CHIP28”, which means a channel-like integral protein of 28 
kDa [58, 59]. The hydropathy analysis revealed six highly hydrophobic membrane 
segments. Both the NH 2 — and the COOH-termini are exposed in the cytoplasm, 
and they have two external potential glycosylation sites. The number of channel 
molecules is approximately 200 000 copies per red cell. Although AQP1 deficient 
subjects exhibited no overt clinical abnormality, the AQPl-targeted knock-out 
mice showed hyperosmolarity after fluid restriction [60, 61]. The Ca 2+ -activated 
K + -channel (the Gardos channel) is known to cause loss of K + in response to an 
increased Ca 2+ concentration in the red cells [44, 48]. This channel is regulated 
by a cytoplasmic calpromotin and cyclic adenosine monophosphate, and inhibited 
by charybdotoxin, which is an insect toxin. 
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3 

Stereotactic Structure of Red Cell Membranes 


3.1 

Historical Background to Membrane Models 

Elucidation of the pathogeneses of red cell membrane disorders requires a differ¬ 
ent approach to those for red cell enzymopathies or hemoglobin abnormalities. In 
the last cases, the localization of these molecules is strictly limited to the cytosol of 
the red cells. Therefore, scientific research is restricted mainly to the biochemistry 
of these proteins and the genetics of their related genes. 

In contrast, in red cell membrane disorders, the investigations are broad rang¬ 
ing, covering the expression of membrane-related genes, the biochemistry of 
the expressed membrane proteins in the cytosol, the mechanism of incorpora¬ 
tion of the expressed membrane proteins into the membranes, and the ultra¬ 
structure of red cell membranes, which are composed of a membrane lipid 
bilayer together with various membrane proteins. The most important key-point 
is that an identified membrane protein should exhibit its physiological functions 
in the membrane ultrastructure. Thus, molecular studies on a membrane pro¬ 
tein identified by electron microscopy are crucial to elucidating the exact pheno¬ 
type in the ultrastructure in addition to clarification of its genotype in disease 
states. 

Historically, the first membrane model was proposed by Gorter and Grendel 
(1925) [1], and this was based on the experimental evidence that the surface area 
of membrane lipids extracted from red cell ghosts was two-fold larger than that 
of intact red cells. This hypothesis became one of the basic models for the structure 
of red cell membranes [2, 3]. 

The first observations on the plasma membrane of many types of cells, including 
red cells, was made by thin-section electron microscopy (TEM). It gave a character¬ 
istic three-layered appearance (Fig. 3.1). The electron micrograph demonstrates 
that the edge-to-edge thickness is 7.0—7.5 nm with an approximately 3.5 nm 
wide central lucent zone, which is sandwiched between two electron-dense lines, 
each about 2 nm wide. Robertson (1959) [4] named this structure as the “unit 
membrane”, in which all three layers of the 7.0—7.5 nm structure are components 
of one membrane. In his hypothesis, he proposed that the central electron-lucent 
zone corresponds to a continuous lipid bilayer, and that the two electron-dense 
zones represent non-lipid layers, presumably proteins and carbohydrates. For 
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Figure 3.1 Transmission electron micro¬ 
graph of membrane bilayer in normal red 



this model, the paucimolecular theory was utilized, which had been proposed by 
Davson and Danielli (1935), as reviewed in [3]. 

However, it became obvious that synthetic lipid membranes, biological mem¬ 
branes composed of a combination of lipids and proteins, and furthermore lipid- 
depleted membranes, all yielded a similar three-layered appearance with TEM. 
Thus, this area of research alone did not provide strong evidence for or against 
the existence of a lipid bilayer in the membrane, although the bilayer concept 
did receive strong support from other physical evidence such as X-ray diffraction 
(Engelman, 1970) [5] and differential calorimetry (Steim et al., 1969) [6]. 

In 1972, Singer and Nicolson proposed their new concept of the “fluid-mosaic 
model” [7] on the basis of the Danielli—Davson—Robertson models, which took 
into account thermodynamic considerations [8]. They introduced two terms to de¬ 
scribe proteins associated with the membrane lipid bilayer, these are, integral pro¬ 
teins and peripheral proteins. The integral proteins are amphipathic proteins with 
an ionic exterior segment in contact with water at the external surface of the mem¬ 
brane, and a hydrophobic interior segment embedded in the lipid bilayers (Fig. 
2.2). The peripheral proteins are at the surface of the membrane, and do not inter¬ 
calate with the lipid matrix of the membrane. Proteins might exist either singly or 
as subunit aggregates. This membrane structure model was proven through the 
isolation of the peripheral and integral proteins. The integral proteins were able 
to be visualized as the intramembrane particles (IMPs) by EM with the freeze frac¬ 
ture method [9, 10]. Biophysical methods, such as the fluorescence recovery after 
the photobleaching (FRAP) method [11], enabled the direct study of the biophysical 
properties of the integral proteins to be made. 

With the expansion and improvement of this fluid-mosaic model, the cytoskele- 
tal network, which lies just beneath the inner leaflet of the lipid bilayer of cell 
membranes, was also introduced (Fig. 2.2) by Lux [12], and this added functional 
importance to the model. 

As the asymmetry of the distribution of membrane lipids became evident, a new 
concept, “the micro-domain”, was incorporated into this model. Acidic phospholi¬ 
pids (PS and PA) interact with myeline-basic proteins and calcium resulting in the 
formation of the microdomain, which regulates the functions of membrane pro¬ 
teins [13, 14]. The structure and biological functions of various micro-domains 
have been investigated extensively. 
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3.2 

Ultrastructure of Red Cell Membranes 

3.2.1 

Introduction 

Great progress has been made in studies of red cell membrane disorders in the 
areas of biochemistry, biophysics, and gene analysis. Visualization of these findings 
has become more important in order to verify any abnormalities [15, 16]. In addi¬ 
tion, electron microscopic findings can provide precise qualitative information as 
well as a great deal of insight into further studies using biochemical and genetic 
methods. This is especially relevant to membrane research, in which the under¬ 
standing of topographical structure in situ is crucial (Fig. 2.2). 

The red cell membranes are composed of a lipid bilayer and a cytoskeletal net¬ 
work beneath it. This cytoskeletal network chiefly consisits of cytoskeletal proteins; 
spectrins, actin, and protein 4.1. The assembled cytoskeletal network is bound to 
integral proteins via anchor proteins [17—19]. 

3.2.2 

Evaluation of the Cytoskeletal Network 

The red cell membrane is composed of three major components: integral proteins 
(band 3, glycophorins, etc.), skeletal proteins (spectrins, protein 4.1, actin, etc.), and 
anchoring proteins (ankyrin, protein 4.2, etc.). The skeletal network is basically 
composed of spectrin, protein 4.1, and actin, with other accessory proteins (tropo¬ 
myosin, tropomodulin, adducin, and band 4.9). 


3.2.2.1 Electron Microscopy With the Negative Staining Method 

The skeletal network in the intact red cell membrane in situ has been shown to be a 
dense, sweater-like meshwork completely laminating the inner leaflet of the lipid 
bilayer [16, 20, 21]. When the meshwork is detached from the lipid bilayer and ar¬ 
tificially stretched, the extended skeleton has been described primarily as a hexago¬ 
nal lattice. This lattice is basically composed of long spectrin filaments and junc¬ 
tional complexes, which are located at the center and six corners of the hexagons 
[16] (Fig. 3.2). 

The locations of these membrane proteins under this stretched condition have 
been identified by immunogold labeling. Ankyrin and band 3 were located 
80 nm from the distal end of the extended spectrin molecules [16]. These findings 
are in good agreement with biochemical results. Protein 4.1 was bound to the dis¬ 
tal ends of spectrin tetramers [16]. The ternary complex of actin—spectrin—4.1 
along with actin-binding proteins, including adducin, is considered to be the junc¬ 
tional complex [16]. 
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Figure 3.2 

Membrane skeletons 
in red cell ghosts 
studied by electron 
microscopy with the 
shadowing method. 
Cytoskeletal networks 
in extended skeleton 
(left) and in an un¬ 
stretched condition in 
situ (right). 

Courtesy by Late 
Professor J. Palik. 


Extended skeleton Skeleton in situ 



However, contrary to these observations made under artificially extended condi¬ 
tions, it has been shown that the basic structureof the red cell membrane in situ 
does not necessarily show a hexagonal structure. 

Several trials have been carried out with electron microscopy to observe the 
membrane structure in red cells, using a negative staining method. The findings 
in these studies, however, were obtained from specimens in which the cytoskele- 
tons had been treated with detergents, such as Triton, or trypsin. Therefore, the 
networks were artificially over-extended and over-stretched. These specimens ap¬ 
pear to be adequate for identifying the exact binding sites in each membrane pro¬ 
tein, but are probably inadequate for examination of the exact membrane structure 
in situ in normal and abnormal conditions. 


32.2.2 Electron Microscopy With the Quick-Freeze Deep-Etching (QFDE) Method 

It is now well established that the membrane in normal subjects is composed of 
numerous basic units resembling cages, with filaments in a three-dimensional 
folded configuration. When examined by electron microscopy (EM) with the 
quick-freeze deep-etching (QFDE) method, the skeletal network in normal red 
cells shows a fairly uniform distribution of filamentous structures and also unifor¬ 
mity of apparent branchpoints of the filamentous elements in an essentially or¬ 
derly fashion [22—24] (Fig. 1.7). 

Normal white ghosts were subjected to quick-freezing, and then to deep-etching. 
The replicas were prepared with a platinum/carbon coating. This procedure 
showed that the filaments of the intact cytoskeleton existed in multi-stereotactic di¬ 
mensions rather than in a single plane. The filaments coated with platinum were 
48 + 9 nm in length and 7 + 1 nm in diameter, and they appeared to be in a folded 
conformation, as previously reported by Ursitti et al. [23]. A complete view of the 
cytoskeletal network showed it to be composed of numerous smaller basic units, 
the size of which, on average, was 54 ± 14 nm at the longer axis, and 23 ± 
5 nm at the shorter axis [24]. 
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3.2.2.3 Electron Microscopy With the Surface Replica (SR) Method 

Although the quick-freeze deep-etching (QFDE) method appears to be the best 
method at the present time, it requires specialist skills and equipment, and consis¬ 
tently good results are not easy to obtain. In contrast, the surface replica method 
has been utilized widely in many fields other than the field of red cell membrane 
research. Consistent results can be obtained easily with this method [25] (Fig. 3.3). 

The immunogold method has recently been used in EM with the surface replica 
(SR) method, which is equally useful for examining the skeletal units. With this 
technique, utilizing immunogold labeling with anti-membrane protein antibodies, 
it has become easy to identify the exact location of major membrane proteins in a 
native state in situ [24, 25]. 

Therefore, regarding immunoelectron microscopy, the surface replica method is 
even more useful than the QFDE method, since the immunogold method is readily 
applicable using the surface replica method for identification of the specific com¬ 
ponents of the cytoskeletal network with specific antibodies. By the QFDE method, 
specimens of red cell membrane ghosts must be frozen instantaneously to 
—196 °C. As a result, immunocytochemistry is virtually impossible. By the surface 


Figure 3.3 

Cytoskeletal network 
studied by electron 
microscopy with the 
surface replica 
method. 

Through a window of 
the red cell mem¬ 
brane structure, the 
cytoskeletal network 
is observed at the cy¬ 
toplasmic side of an¬ 
other face of the 
membrane structure 
in the upper panel. A 
greater magnification 
demonstrates an or¬ 
derly cobblestone-like 
pattern as shown in 
the lower panel. 
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replica method, however, immunocytochemistry is feasible, because the red cell 
membrane ghosts are treated at 4 °C thoughout the procedure. 

Under electron microscopy with the surface replica method, the cytoskeletal 
meshwork was composed of multiple smaller basic units, which were connected 
to each other. Electron microscopy using the surface replica method revealed an 
orderly cobblestone-like pattern in normal subjects. The basic cytoskeletal units 
were fairly extended with thinner, evenly stretched fiber filaments with well-orga¬ 
nized junctional units. The basic cytoskeletal units can be categorized into four 
sizes: small (S) (12.5—25.0 nm in diameter along the shorter axis of each basic cy¬ 
toskeletal unit), regular (R) (25.0—50.0 nm), medium (M) (50.0—75.0 nm), and 
large (L) (larger than 75.0 nm). In normal subjects, the size distributions of the 
units are 6 ± 3 %, 52 ± 5 %, 31 ± 4%, and 11 + 3%, respectively [24]. In making 
these determinations, the diameters along the shorter axis of each basic cytoskele¬ 
tal unit were selected for sizing, for consistency. The diameters along the longer 
axis of each basic cytoskeletal unit were also measured and the results indicated 
essentially the same tendency as the size distributions based on the diameters 
along the shorter axis of each basic cytoskeletal unit, although there were slightly 
greater variations in the diameters along the longer axis than those along the 
shorter axis. 

The cytoskeletal units were basically composed of thinner filaments. These fila¬ 
ments were 63 ± 17 nm long and 12 ± 4 nm wide, and knob-like structures, which 
were attached to the longer, thinner filaments, were also observed. 

The filaments in the basic units of the cytoskeletal network were identified as 
spectrins by immunogold labeling with anti-human spectrin rabbit polyclonal anti¬ 
body, by using an electron microscope (EM) with the surface replica method [25] 
(Fig. 3.4). The antibody recognized the fibrous components, which were seen 
using the EM with the surface replica method, as spectrins. This method is also 
useful to detect quantitative and qualitative abnormalities of cytoskeletal network 
in various disease states (Fig. 3.5). 



Figure 3.4 Immuno¬ 
gold labeling of spec¬ 
trins in normal red 
cell ghosts. Electron 
microscopy was per¬ 
formed using the 


anti-human spectrin 
rabbit polyclonal anti¬ 
body. 


surface replica 


method with immu¬ 
nogold labeling by 
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Figure 3.5 Qualitative and quantitative evalua¬ 
tion of cytoskeletal abnormalities by electron 
microscopy with the surface replica method. 
Normal cytoskeleton (far left) becomes 
deranged and distorted to the extreme 


abnormality (far right) with the appearance of 
virtually round aggregates and with aggregates 
appearing like silver thistles including a centri¬ 
petal arrangement of elongated, markedly 
stretched fiber filaments. 


3.2.3 

Integral Proteins Examined by Electron Microscopy With the Freeze Fracture Method 

Band 3, glycophorins (A— E), and other minor membrane proteins have been iden¬ 
tified as the integral proteins [17—19]. Among them, band 3 protein is a major in¬ 
tegral protein with 1 000 000 copies in a human red cell, compared with approxi¬ 
mately 200 000 copies of glycophorins. The band 3 protein is present mainly in a 
dimeric form. 

Electron microscopically, these integral proteins are visualized as intramembrane 
particles (IMPs) on the P face using the freeze fracture method [24, 26] (Fig. 1.6). 

In normal red cells, the number of IMPs at the inner (so-called “P”) face is 5390 
± 420 gm~ 2 , most (71 ±8%) of which are basically small (4 to 8 nm), with 27 ± 
3% of medium size (9—20 nm), and 2 ± 1 % of a large size (>21 nm). 

IMPs are normally distributed like clustered icebergs with irregularly open chan¬ 
nels of water between them. This characteristic distribution pattern is mostly de¬ 
pendent on the function of band 3 molecules, two-thirds of which are bound to 
the skeletal network chiefly via ankyrin [11]. Therefore, the distribution pattern 
of the IMPs reflects the molecular condition of the cytoskeletal network, directly 
or indirectly. 

To detect the abnormalities of the integral proteins by EM, the primary consid¬ 
eration is the quantitative evaluation of IMPs (Fig. 3.6). A typical example is the 
total deficiency of band 3 molecules [27]. In this disorder, the number of IMPs 
is decreased by 70% (1856 ± 226 gnT 2 ) compared with that of normal subjects 
(5373 ± 292 gnT 2 ) in which band 3 is present as a major constituent of the 
IMPs. The IMP present in the “P” face in the proband appears to be some intra¬ 
membrane components rather than band 3, that is, various glycoproteins, such as 
glycophorins, gp 155, and minor integral proteins. 

The second consideration of the abnormalities of IMPs is the sizing of these par¬ 
ticles. As described above, approximately 70% of IMPs are small (4 to 8 nm) in 
size. However, in some disorders, such as total deficiency of protein 4.2, there is 
a marked shift to IMPs of a large size, associated with a decreased number of 
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Figure 3.6 Electron micrographs of 
intramembrane particles (IMPs) by 
electron microscopy with the freeze 
fracture method. The numbers, sizes, 
and distribution patterns of the IMPs 
are perfectly intact in normal red cells 
(a). In abnormal conditions, however, 
the IMPs can be markedly reduced 
quantitatively (b), or they can de¬ 
monstrate striking clustering and 
uneven sizing probably due to in¬ 
creased oligomerization (c). 



IMPs. These findings strongly suggest increased oligomerization of the IMPs in 
this disorder [28] (Fig. 3.6). 

The significant contribution of protein 4.2 to the biophysical properties of band 3 
was proved by utilizing inside-out vesicles (IOVs) of the normal controls and those 
of protein 4.2 deficiency. In the protein 4.2 deficiency, the distribution pattern of 
IMPs was totally deranged in IOVs, which were prepared from red cell ghosts of 
protein 4.2 deficiency, compared with those in the normal controls. When spectrins 
and membrane proteins other than band 3 were stripped from the IOVs at pH 11 
in the normal controls, this experimentally produced protein 4.2 deficiency demon¬ 
strated a markedly abnormal aggregation of band 3, which was the same as that in 
the protein 4.2-deficient patients [28]. 

The third consideration is the distribution pattern of these IMPs, which are dis¬ 
tributed randomly just like floating icebergs in the Antarctic ocean in the normal 
condition. It has been reported that band 3 consists of a mobile fraction (one third) 
and an immobile fraction (two thirds), which is fixed to the skeletal network mostly 
by ankyrin [11]. In normal subjects, approximately 80% of each area at the inner 
(so-called “P”) face contained 6 to 11 IMPs per 33 nm 2 . Only 2.4 ± 1.0% of the 
membrane areas contained 0 to 3 IMPs per 33 nm 2 . 

However, a condition involving the marked disruption of the skeletal network 
with clustering of spectrin and ankyrin is expected to affect readily the state of 
the distribution of band 3, resulting in an abnormal distribution pattern of 
IMPs. This occurred in the total deficiency of protein 4.1 [protein 4.1 (—) Madrid] 
[24] (Fig. 3.7). 

When examined using a smaller scale (33 nm 2 ), some areas of membrane should 
contain the clustered IMPs, which should be composed mainly of the immobile 
band 3 attached to the distorted skeletal network and/or of the mobile band 3 
trapped in collapsed compartments of the skeletal proteins. However, other areas 
should contain a much smaller number of IMPs. In the protein 4.1 (—) Madrid, 
11.7 ± 2.5 % of the membrane P face contained 0 to 3 IMPs per 33 nm 2 . This ab¬ 
normal distribution pattern of the IMPs in the protein 4.1 (—) Madrid case, there¬ 
fore, appears mainly to reflect the markedly impaired skeletal disruption. 
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Figure 3.7 Abnormal distribution of 
IMPs detected by electron micro¬ 
scopy with the freeze fracture 
method. The distribution of IMPs can 
also be pathognomonic (right), even 
though the numbers and sizes of the 
IMPs are completely unaffected 
compared with those in the normal 
subject (left). 



3 . 2.4 

Visualization of Glycophorins by Field Emission Scanning 
Electron Microscopy 

Although the functions of glycophorins (GP) have long been sought, their direct 
ultrastructure on the red cell membrane has never been demonstrated precisely. 
Through recent progress in new technology with field emission scanning electron 
microscopy (FE-SEM), glycophorins on human red cell membrane surfaces in situ 
have now been visualized [29]. Intact red cells were placed on the cover slip and 
subjected to FE-SEM (JSM—6340F, JEOL, Tokyo, Japan) at 15.0 kV, with a working 
distance of 8 mm, a magnification of 15 000—60 000 with the immunogold 
(10—20 nm in diameter) method with monoclonal anti-glycophorin A antibody. 
FE-SEM combined with electron microscopy with the immunofracture method uti¬ 
lizing anti-human glycophorin A monoclonal antibody (OSK 4—1) demonstrated 
approximately 3000—4000 immunogold particles on the surface of normal red 
cells (Fig. 3.8). No particles were detected in the En (a—) red cells. Therefore, 
this method is extremely specific for the detection of molecular abnormality. By 
FE-SEM with anti-human glycophorin A+B monoclonal antibody (GP-16: OSK- 
291), approximately 4000 immunogold particles were detected on the surface of 
normal red cells. However, around 1500 particles were present in En (a—) red 
cells, in which the presence of unaffected glycophorin B molecules are indicated 
(Fig. 3.9). Electron microscopy with the surface replica method utilizing anti¬ 
human glycophorin A+B monoclonal antibody (GP-16: OSK 29-1) demonstrated 
approximately 600 immunogold particles per pm 2 of the surface of normal red 
cells (Fig. 3.10). The size and distribution pattern were readily evaluated qualita¬ 
tively and also quantitatively. Immunogold particles on the E face when using elec¬ 
tron microscopy with the freeze-fracture method were also observed in normal red 
cells (45 ± 5 guT 2 ) with anti-human glycophorin A+B monoclonal antibody (GP- 
16: OSK 29-1). Abnormalities of glycophorin A, that is, a complete glycophorin A 
deficiency (En a ~), a combined deficiency of glycophorin A and glycophorin B 
(M k M k ), and a Miltenberger V (Mil—V) anomaly with a complete deficiency and 







56 | 3.2 Ultrastructure of Red Cell Membranes 

a hybrid of glycophorin A and glycophorin B were clearly identified by this proce¬ 
dure. Therefore FE-SEM is a novel and definitely useful tool for studies on the ab¬ 
normalities of glycophorins. 



Figure 3.8 

Demonstration of 
glycophorins A and B 
by field emission 
scanning electron mi¬ 
croscopy (FE-SEM) 
with anti-human gly¬ 
cophorins A and B 
antibodies. 


Antibodies were supplied from Dr. Tani and Ms. Senoo and Takahashi (the Osaka Red Cross Blood 
Center): Figs. 3.8—3.10. 


Normal 


Glycophorin A Deficincy 
' En a- * 



Figure 3.9 Glycophorin A deficiency [En (a—)] absent, the number of particles is markedly 
studied by field emission scanning electron reduced, although glycophorin B is normally 
microscopy with anti-human glycophorins A present in this patient, 
and B antibodies. Since glycophorin A is totally 
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Figure 3.10 Detection of glycophorins A 
and B molecules by electron microscopy 
with the surface replica method utilizing 
anti-human glycophorins A and B anti¬ 
bodies. 
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4 

Skeletal Proteins 

4.1 

a- and (l-Spectrins 

4.1.1 

Introduction 

Spectrins are the most abundant and largest proteins of red cell membrane skeletal 
proteins (Tables 1.1 and 1.2). They constitute approximately 25—30% of the total 
membrane proteins or 75 % of the membrane skeletal proteins, and are present 
at a concentration of about 200 000 copies per red cell [1—4]. 

Spectrins are composed of two subunits, the a-chain and the |3-chain, which are 
thus called a-spectrin (2429 amino acids, about 280 kDa) and (3-spectrin (2137 
amino acids, about 246 kDa) (Fig. 4.1). The number of copies of both a- and P-spec- 
trins is 240 X 10 3 per red cell. The a-spectrin gene (SPTA 1) [5—7] is located on 
chromosome 1 (lq22—q23), and the P-spectrin gene (SPTB) [8—10] is on 
14q23—q24.2. They are present as a heterodimer (a 2 P 2 ). The a- and P-spectrins 
are structurally related, but functionally distinct [11]. The a- and P-chains are 
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Figure 4.1 Molecular structure of a- and 13- 
spectrins. Heterotetramers of a- and P-spec¬ 
trins are arranged in an anti-parallel fashion. 
The head-to-head interaction and the side-by- 


side interaction (at the nucleation site) are 
shown in this figure. a-Spectrin is composed of 
five domains (I to V), and p-spectrin is com¬ 
posed of four domains (I to IV). 
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aligned side by side in an antiparallel arrangement with respect to their N- and C- 
terminal ends. Electron microscopically, the spectrin molecule appears to have a 
slender and twisted rod-like structure (Figs. 1.7, and 3.3). The total length of a 
spectrin molecule is about 100 nm, when examined in its extended state under 
an electron microscope with the negative staining method (see Section 3.2.2.1). 
Spectrins are highly flexible to enable a variety of shape changes. Therefore, spec¬ 
trins are considered as one of the major determinants of cell shape. Although the 
theoretical length of spectrin tetramers is about 200 nm, the actual end to end dis¬ 
tance is about 76 nm, implying that spectrin tetramers are tightly coiled in the na¬ 
tive ultrastructure [12]. These coiled spectrin tetramers are able to extend reversibly 
to a relaxed state when the membrane is stretched artificially. 

4.1.2 

Structure of Red Cell Spectrins 

a-Spectrin (280 kDa) can be identified on sodium dodecyl sulfate (SDS)—polyacryl¬ 
amide gels as a 240 kDa polypeptide [1]. The NH 2 -terminal end with an isolated, 
unpaired helix (helix C) is a self-association site with the COOH-terminal end of 
the P-spectrin molecule. Nine typical 106 amino acid repeats, which are conforma¬ 
tion segments 1 to 9, follow after this self-association site [1—4]. There is a short 
central segment which lacks homology with the above-mentioned repeats, but is 
known to be related to SH3 domains as segment 10 [11]. A further 12 more repeats 
(segment 11 to 22) follow until the COOH-terminal end is reached, where two EF 
hand structures are present, which are involved in Ca 2+ -binding and in regulating 
Ca 2+ action in a-actinin and fodrin. However, the exact role of the SH3 domain and 
EF hand structures in human red cells in vivo are not known. The a-spectrin chain 
is divided into five domains, based on the results from limited tryptic digestion of 
a-spectrin, and designated al (conformational segments 1 to 6: 80 kDa), all (7 to 
10 including SH3 segment: 46 kDa), alii (11 to 14: 52 kDa), alV (15 to 17: 41 kDa), 
and aV (18 to 22: 41 kDa). This method is useful for isolating and characterizing 
functional domains of normal and mutated spectrins in disease states, especially 
hereditary elliptocytosis and hereditary pyropoikilocytosis. 

(3-Spectrin (246 kDa) is isolated as a 220 kDa polypeptide by SDS—polyacryla¬ 
mide gel electrophoresis (PAGE) [1[. The structure of P-spectrin begins with a non- 
homologous NH 2 -terminal end that contains an actin-binding domain, followed by 
17 homologous 106 amino acid repeat segments [1—4]. Subsequently there is the 
putative protein 4.1-binding site [13] and a short nonhomologous COOH terminal 
segment with a consensus sequence for at least four phosphorylation sites for 
casein kinase 1 [14]. The state of phosphorylation is related to membrane mechan¬ 
ical stability, since it is known that increased phosphorylation decreases membrane 
stability, and also that decreased phosphorylation increases it [15]. Functionally, re¬ 
peat 15 and part of repeat 16 are arranged in a p sheet structure and form the bind¬ 
ing site for ankyrin [16]. p-Spectrin is also divided into four domains, designated as 
pIV (conformational segments 1 to 7: 74 kDa), pill (8 to 10: 33 kDa), pil (11 to 16: 
65 kDa), and pi (17 down to the COOH end: 23 kDa). In the P-spectrin, no SH3 
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segment is present. Nucleation sites of a-spectrin and |3-spectrin are in aV (confor¬ 
mation segment 19 to 22), and in piV (1 to 4), respectively. 

The presence of repeats in a- and P-spectrins strongly suggests that spectrin 
evolved from the duplication of a single ancestral gene [5—10]. The homologous 
106 amino acid repeats in a- and P-spectrin fold into a-helical segments containing 
three antiparallel helices which are connected by short nonhelical segments. Each 
repeat has a triple-helical structure that is about 5 nm long and 2 nm wide. The 
unit is rotated 60° (right-handed) relative to the neighboring repeats [17, 18]. 

Each repeat is composed of three helices, i. e., helix A, helix B, and helix C. The 
a-helix (helix A) with 28 amino acids in a straight arrangement reverses itself and 
forms the next a-helix (helix B), which is 34 amino acids long. This is followed by 
another reverse turn and the third 31 amino acid a-helix (helix C), which bends in 
the middle. These three helices are in a triangular array and are bound together by 
both hydrophobic and electrostatic interactions. Hydrophobic amino acids are 
aligned on one face of each helix, and are spaced every third or fourth residue, be¬ 
cause an a-helix makes one turn every 3.6 residues. Additional salt bonds are pres¬ 
ent between the mostly polar amino acids, particularly between helices A and C, 
and B and C. The three helices are tilted away from each other by 10° to 20°, 
so that the COOH-terminal end of each repeat is wider than the NH 2 -terminal 
end. This molecular arrangement enables the following repeat to be attached with¬ 
out any change to the structure. The repeats connect to each other through the he¬ 
lices A and C, forming one long a-helix. Helix B of the proximal repeat overlaps 
helix A of the distal repeat, because the connection is tight. Interactions between 
the two helices appear to restrict the mobility of the repeats at the repeat junction. 

Several residues appear to be highly conserved in the repeat segments, such as 
tryptophan at position 45, leucine at position 26, arginine at 22, aspartate at 38, as¬ 
partate or glutamate at 41, lysine at 71, histidine at 101, and hydrophobic amino 
acids at 1, 12, 15, 26, 35, 46, and 68, respectively [11]. 

Although the presence of homologous 106 amino acid repeats suggests that 
spectrin evolved from duplication of a single ancestral minigene, the genomic or¬ 
ganization of both a- and |3-spectrin genes in human beings reveals that the size 
and position of exons does not necessarily correspond to the structural or confor¬ 
mational unit of spectrin repeats. 

4 . 1.3 

Functions of Red Cell Spectrins 

Spectrins are the key protein for the composition of the cytoskeletal network, 
which regulates cell shape, membrane deformability and stability, and the lateral 
mobility of band 3 as an integral protein [1—4]. Spectrin has spring-like properties 
[19]. These important functions of spectrins are mainly mediated by self-associa¬ 
tion of the spectrins themselves. 

Spectrin heterodimers (cx(3) associate to form spectrin heterotetramers (a 2 P 2 ) and 
higher oligomers (Fig. 4.2). On the membrane, tetramer (a 2 p 2 ) is present predomi¬ 
nantly. Spectrins stay as the tetramer at a physiological ionic strength and low-tem- 
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Figure 4.2 Demonstration of spectrin 
dimer (A) and spectrin tetramer (B) by 
electron microscopy with the shadow¬ 
ing method. By courtesy of the late 


Professor Jiri Palek. 


perature (25 °C), whereas they dissociate into dimers at low ionic strength and 
37 °C. The equilibrium is kinetically frozen at 0 °C. In normal red cell ghosts, 
approximately 5 % of the extracted spectrin is in the dimeric form and about 
50% is in the tetrameric form. The remainder is the spectrin oligomers and the 
protein complexes of spectrins, actin, protein 4.1, and dematin, which have very 
high molecular weights. This procedure has been ulitized for elucidating mole¬ 
cular abnormalities of spectrins in the disease states, especially hereditary ellipto- 
cytosis. 

For the self-association of spectrins, two mechanisms have been considered: (a) 
the head-to-head interaction of the spectrins, and (b) their side-by-side interaction 
(Fig. 4.3). For the first mechanism, the interconversion of spectrin dimers to tetra- 
mers requires a reversible opening of the dimeric bond and formation of two new p 
attachments. The ap contact closely resembles the triple-helical structure of native 
spectrin repeats [19, 20]. In the contact site, two of the helices (helices A and B) at 
the COOH-terminal end of the P-spectrin molecule are bound to one helix (helix C) 
of the NH 2 -terminal end of the a-spectrin molecule [20]. 

The second mechanism is the side-by-side association of the a- and P-spectrins, 
which occurs in a zipper-like process. It starts with a defined nucleation site com¬ 
posed of four repeats, that is, al9 to a22 from the a-spectrin, and pi to P4 from the 
P-spectrin, respectively [21]. These repeats are located at the tail end of each mole¬ 
cule, to which actin binds. Two of the a repeats and one of the P repeats have eight 
residue insertions which participate in the interchain interaction [22]. These are lo¬ 
cated between conformational segments a20/a21 and P2/P3. After the initial tight 
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Figure 4.3 Head-to-head 
contact of a- and P-spec- 
trins in normal red cells. 
P-Spectrins are shown as 
shaded helices, and a- 


0 -Spectrin (Shaded) 
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spectrins are denoted as 
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of the last two helices of 
P-spectrins and the first 
one helix of a-spectrin. 
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association of the complementary nucleation sites, a conformational change is ini¬ 
tiated that promotes the pairing of the remaining part of the two chains [23]. A 
common a-spectrin polymorphism, a LELY , interferes with normal nucleation and 
decreases the synthesis of functionally-competent a-spectrin chains [24]. This 
may influence clinical expression in spectrin mutations [25]. 

The linkage of spectrins to other red cell membrane proteins is also functionally 
important. Binding of spectrins to ankyrin requires almost the entire 15th repeat 
segment and a small portion of the 16th repeat of the P-spectrin molecule [16]. 
It has been reported that P-spectrin and nonerythroid p-spectrin (P-fodrin) contain 
an ankyrin-independent site in the NH 2 -terminal half of each molecule, which 
binds to brain membranes. The binding is inhibited by Ca 2+ /calmodulin. This 
site is known as the membrane association domain 1 (MAD1) [26]. P-Fodrin and 
the muscle/brain isoform of red cell P-spectrin have a second Ca 2+ /calmodulin-in- 
dependent site (MAD2) near to the COOH-terminal end. 

Another linkage of spectrins to the membrane is mediated by association with 
the junctional complex that includes spectrin, actin, and protein 4.1, which form 
a ternary or higher-order complex by linking spectrin tetramers to one another 
in a tail-to-tail fashion [4]. The actin binding site is located at a region near to 
the NH 2 -terminal end of P-spectrin that contains a 27 amino acid sequence, 
which is also highly conserved in a-actinin, dystrophin, actin-binding protein 
(ABP—120), and others. 

4.1.4 

Erythroid and Nonerythroid Spectrins 

There are a wide variety of spectrin-related proteins in many tissues and animal 
species [3, 4]. Two closely related, yet distinct mammalian a-subunits of spectrin 
are known, i. e.: a-spectrin in mature erythroid cells and a-fodrin in all other 
tissues [27]. In mammals, there are two p-subunits, i. e.: P-spectrin and p-fodrin. 
A third subunit (P-heavy spectrin) with a molecular weight of 430 kDa is present 
in Drosophila. P-Spectrin exists in both erythroid and muscle/brain isoforms 
[28—30]. Nonerythroid spectrins are basically composed of two nonidentical, 
high molecular weight subunits (such as a-spectrin and P-spectrin), which are 
composed of homologous repeat units of 106 amino acids. 

Fodrin (synonyms: tissue spectrin, brain spectrin, spectrin II, or spectrin G) is a 
heterodimer of a- and p-fodrin chains [2]. The biological functions are essentially the 
same as those in red cell spectrin (spectrin I, or spectrin R). However, there are some 
differences between them. The a-fodrin has a calmodulin-binding site which is not 
present in a-spectrin. In addition, P-fodrin contains a pleckstrin homology domain 
which is a sequence motif in MAD2, but red cell spectrin does not. 

Erythroid spectrins, nonerythroid spectrins, dystrophin and its homologues, and 
a-actinin are believed to belong to the so-called spectrin super-family. These pro¬ 
teins have the same characteristic features such as the flexible, rod-like shapes 
of the side-by-side arrangement of the proteins in an antiparallel fashion. They 
are composed of homologous amino acid repeats of 106, 109, and 120 residues 


66 | 4.2 Protein 4 .7 

of spectrin, dystrophin, and a-actinin, respectively, which are folded into triple a- 
helical segments [1, 2]. Amongst these there is homology in the sequence of the 
triple-helical repeats with conservation of tryptophan at position 45 or 46. The com¬ 
position of the repeats are homologous mainly between spectrin and dystrophin, 
whereas that of the actinin repeat is less homologous. The COOH-terminal regions 
are homologous between a-spectrin, dystrophin, and actinin, which have the po¬ 
tential for Ca 2+ -binding, EF hand structures. The NH 2 -terminal regions are also 
homologous in P-spectrin, dystrophin, and a-actinin which demonstrate a potential 
actin-binding site. 

Great variability exists with respect to the subcellular localization of erythroid 
and nonerythroid spectrins [1—4]. The spectrin superfamily proteins are essentially 
present in the membrane skeleton of the mammalian red cells, but are also ex¬ 
pressed in various tissues by developmentally regulated mechanisms, such as 
neural development, oogenesis, epithelial cell polarity, embryogenesis, viral trans¬ 
formation, the IgG binding to cell surface receptors, and apoptosis. It has been 
shown that tissue-specific differential modification of the COOH-terminal region 
of p-spectrin produces various P-spectrin isoforms. The best example is a muscle 
isoform of P-spectrin [28]. The isoform results from alternative mRNA splicing 
of the mRNA transcript of the erythroid P-spectrin gene. The splicing alters trans¬ 
lation termination near to the COOH-terminus, leading to elongation of the 
COOH-terminus of the muscle form. At the present time, two a-spectrin isoforms 
and five P-spectrin isoforms have been reported [29]. A p III isoform is localized on 
the Golgi apparatus in many cell types [30]. 


4.2 

Protein 4.1 

Protein 4.1 in red cells is a phosphoprotein present in 200 X 10 3 copies per cell [31, 
32]. The cloned protein is globular (5.7 nm diameter) and has a molecular weight 
of 66 kDa, but migrates as a 78 or 80 kDa protein on SDS—PAGE gels. The protein 

4.1 gene (ELI or EPB41) [33—35] is located on chromosome lp36.1 [36], which en¬ 
codes 588 amino acids (Tables 1.1 and 1.2). 

4.2.1 

Structure of Protein 4.1 

Chymotryptic digestion and limited sequencing demonstrate the presence of four 
domains of red cell protein 4.1 [32]: (1) a 30 kDa domain (residues 1 to —300) at the 
NH 2 -terminal end, (2) a 16 lcDa domain (residues 300 to 404), (3) a 10 kDa domain 
(residues 405 to 471), and (4) a 22 to 24 kDa domain (residues 472 to 622) at the 
COOH end (Fig. 4.4). 

In red cells, there are two forms of protein 4.1 with different molecular weights, 
that is, protein 4.1a (80 kDa) and protein 4.1b (78 kDa). Protein 4.1a, with the 
higher molecular weight, results from the deamidation of two Asn residues (478 
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Figure 4.4 Molecular structure of protein 4.1. A schematic structure of protein 4.1 molecule is shown in (I), and the protein 4.1 mRNA is demonstrated in (II). 
The details are given in text. 
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and 502) within the 22 to 24 kDa domain in a non-enzymatic, age-dependent fash¬ 
ion that lowers the mobility of the protein in gels [37]. Therefore, protein 4.1a is 
hardly apparent in young red cells, and increases as red cells age. Thus, protein 
4.1a provides a useful indicator of red cell senescence. 

Considering the characteristic features of the structure of protein 4.1, clustering 
of cysteine residues is observed near the NH 2 -terminal, and O-linked glycosylation 
is present in the 10 kDa domain [31]. The glycosylation contributes to its higher 
apparent molecular weight on polyacrylamide gels than is predicted on the basis 
of known amino acid sequence. In addition, the NH 2 -terminus is definitely 
basic, whereas the COOH-terminus is clearly acidic. It has been known that red 
cell protein 4.1 is highly phosphorylated [31]. Phosphorylation sites are located 
near the COOH-terminal end of the 30 kDa domain and in the middle region of 
the 10 kDa domain. The latter site appears to be cyclic AMP dependent, but the 
others may be regulated by protein kinase C. At least one site appears to be a sub¬ 
strate for cdc kinase. 

4.2.2 

Binding to Other Membrane Proteins 

The most important role of protein 4.1 is in the linkage of the spectrin—actin 
membrane skeleton to the lipid bilayer by facilitating complex formation between 
the spectrin—actin fibers [31, 38], the cytoplasmic domain of band 3 [39], p55 [40], 
and glycophorin C [41]. Protein 4.1 binds tightly (binding coefficient K d ~ 10~ 7 M) 
to P-spectrin very close to the actin-binding site [13]. For this activity, a 21 amino 
acid within the 10 kDa domain is critical. The interaction of protein 4.1 with spec¬ 
trin and actin is blocked by protein kinase A phosphorylation at residues in Ser 331 
in the 16 kDa domain and Ser 467 in the 10 kDa domain, and also by tyrosine kinase 
phosphorylation at Tyr 418 in the 10 kDa domain [31]. The ternary complex is also 
regulated by Ca 2+ and calmodulin [42]. Calmodulin binds to a site within the 
30 kDa domain of protein 4.1 in a Ca 2+ -independent manner (K d ~ 5 X 10~ 7 M). 

The 30 kDa domain of erythroid protein 4.1 is involved in its binding to proteins 
such as p55, glycophorin C, band 3, and other embedded moieties, e. g., the chlo¬ 
ride channel pICIn [43]. Protein 4.1 binds directly to glycophorin C to a site near 
amino acids 82 through 98 in the tail of this molecule [41]. It also binds to a 
more distal portion near residues 112 through 128, by means of the protein p55 
[40]. The role of the interaction between protein 4.1 and glycophorin C is well es¬ 
tablished. Protein 4.1 deficient red cells are also deficient in glycophorin C, but not 
glycophorin A or band 3. The residual glycophorin C that is only loosely bound to 
the skeleton becomes tightly bound after protein 4.1 is reconstituted. Both protein 
4.1 and glycophorin C bind p55, which enhances or regulates their interaction. The 
mechanical weakness of glycophorin C-deficient membranes is totally restored by 
restoration of protein 4.1 or its 10 kDa spectrin—actin binding domain. Under the 
physiological condition in vivo, approximately 40% of protein 4.1 is bound directly 
to glycophorin C, 40% is bound indirectly through the protein p55, and 20% is 
bound to band 3. 
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4.2.3 

Extensive Alternative Splicings 

It is known that protein 4.1 is extremely heterogeneous with respect to molecular 
weight, abundance, and intracellular localization [31]. Red cell protein 4.1 (P4.1R) 
isoforms come from a single genomic locus near the Rh locus at chromosome 
lp36.1 [36]. Its primary mRNA transcript from the gene (250—300 kb long) is sub¬ 
jected to extensive alternative splicing, producing a diverse protein family through 
various mRNA (6.5 to 7.0 kb long) [44] (Fig. 4.5). At the present time, 12 alter¬ 
natively spliced exons, as well as an important cryptic acceptor site, are known. 

Protein 4.1 utilizes two different initiation codons, termed “upstream” and 
“downstream” initiation codons, which translate to isoforms of 135 and 85 kDa, 
respectively [31]. The 85 kDa isoform is created by the splicing out of a 17 nucleo¬ 
tide motif that contains the upstream translation initiator. In most tissues, this se¬ 
quence is spliced in, and a downstream 80 base pair motif is spliced out, producing 
the elongated 135 kDa isoform that contains an additional 209 amino acids at¬ 
tached to the NH 2 -terminus of the shorter isoform of protein 4.1. This is because 
the upstream translation start site, when present, is used almost exclusively [33]. 
The 85 kDa shorter isoform which is encoded by the downstream initiation 
codon is found primarily in red cells. 

In erythroid protein 4.1 (P4.1R), splicings appear to be critical for red cell func¬ 
tions in only two regions, i. e., at the 10 kDa spectrin—actin binding domain, and 
in the 5’-untranslated region [31]. 

At the 10 kDa domain, three alternatively spliced exons are located at the 5’-end 
of this domain, which is the spectrin—actin binding domain. Exon 16, which is one 
of the three exons and is 63 nucleotides long, encodes for 21 amino acids at the 5’- 
terminus. This exon 16 is also expressed in muscle and testis [45], which are actu¬ 
ally nonerythroid tissues. Two other exons (exons 14 and 15) are adjacent to the one 
responsible for binding to spectrin—actin. In red cells, the protein 4.1 mRNA con¬ 
tains only exon 16 out of these three exons [33, 46], whereas lymphocytes have 
none of the exons, and the brain retains all three exons [45]. Therefore, exon 16 
appears to provide erythroid and stage-specific expression. 

4.2.4 

Nonerythroid Protein 4.1 Isoforms 

Multiple alternative mRNA splicing events generate isoforms with different affin¬ 
ities for membrane and intracellular structures. The high (120—150 kDa) and low 
molecular weight isoforms (60—90 kDa) coexist in varying ratios in most nonery¬ 
throid tissues. Although the functional importance of the high molecular weight 
isoforms remains unknown, their major part of protein 4.1, which is 80 kDa up¬ 
stream from the COOH-terminus, is identical to their low molecular weight analo¬ 
gues. Therefore, the additional amino acid residues in the high molecular weight 
isoforms are equivalent to a headpiece [31, 44]. It is interesting to note that high 
molecular weight isoforms associate with NuMa (a major organizing protein of 
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the mitotic apparatus) [40, 47, 48], ZO-2 (a component of the tight junctions in 
epithelial and endothelial cells), and other membrane associated guanylate kinase 
(MAGUK) family proteins, in addition to p55 [40, 49, 50]. The diverse structure of 
these spliced isoforms appears to provide for the multiple subcellular locations for 
their specific functions. Although these isoforms demonstrate their widespread ex¬ 
pression and interaction with key components, such as mitotic spindles and tight 
junctions, there is a surprising fact that erythroid protein 4.1 gene-targeted knock¬ 
out mice exhibit only anemia and subtle neurological abnormalities [51]. 

As regards the high molecular weight isoforms, their junctional significance is 
still unknown [31]. The high molecular weight isoforms are completely absent 
from mature red cells. mRNA containing the 17 amino acid extension of exon 2, 
which is required for the synthesis of high molecular weight forms, is essentially 
absent from early erythroid precursors (younger than proerythroblasts) [33, 45]. 
Only the downstream translation initiation site is utilized for erythroid protein 
4.1 biosynthesis during erythropoiesis. 

It is now clear that protein 4.1 and its family analogues demonstrate a mosaic of 
sequence homologues with other proteins [52]. A typical example is the 20—45 % 
homology, which is observed at the NH 2 -terminus of protein 4.1 family proteins. 
The FERM (Four. 1 protein, Ezrin, Radixin, and Moesin) domain, which is present 
at the NH 2 -terminus, defines a family of proteins linking the cytoskeleton includ¬ 
ing actin to membranes in various cells [53, 54]. The FERM has previously been 
known as a family of actin binding proteins (moesin, ezrin, radixin, and merlin), 
which are also homologous with coraclin. This is a Drosophila protein that interacts 
with a large disk protein (Dig) homologous with tumor suppressor proteins in 
mammals [55]. Erythroid protein 4.1 (P4.1R) is the prototype of a much more clo¬ 
sely related family of at least four members, such as, P4.1 of a generally distributed 
type (P4.1G), that of a brain type (P4.1B), or that expressed predominantly in neu¬ 
ron (P4.1N). The extent of the homology among these isoforms is 60—95 % [56, 57]. 


4.3 

Actin 

Red cell actin (p-actin), which is a 43 kDa protein, is present in abundance 
(400— 500 X 10 3 copies per red cell) (Tables 1.1 and 1.2). The red cell actin content 
is 5.5 % (w/w) of the total red cell membrane proteins [58—60]. The P-actin gene 
(ACTB) is located on the chromosome 7 (7pl2-p22) encoding 375 amino acids. 
Red cell actin is similar to other actins in its structure and functions. Although 
the P-actin is distributed in various nonmuscle cells including red cells, red cell 
actin is organized as short, double-helical F-actin protofilaments 12 to 13 mono¬ 
mers long and approximately 35 nm in length. Red cell actin interacts with spec¬ 
trins, adducin, protein 4.1, and tropomyosin for the sake of their stability [38, 58, 
61, 62]. The actin also binds to tropomodulin by capping of the slow growing or 
pointed end of the actin filament [63]. The state of actin polymerization is function¬ 
ally important to red cell membrane flexibility, which increases when actin poly- 
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merization is inhibited. It is also true that increased polymerization of actin makes 
the red cell membrane more rigid. Spectrin dimers bind to the side of actin fila¬ 
ments at a site near the tail end of the spectrin molecule. On average, six spectrin 
ends make a complex with each actin oligomer, producing an irregular network, 
which is approximately hexagonal [60]. Each spectrin—actin junction is stabilized 
by the formation of a ternary complex with protein 4.1 [38]. 


4.4 

Other Minor Skeletal Proteins 

4.4.1 

The p55 Protein 

The p55 protein is a phosphoprotein member of the MAGUK (membrane-asso¬ 
ciated guanylate kinase) family of proteins [40, 58]. The protein is a 55 kDa skeletal 
protein, which has 80 X 10 3 copies per red cell (Tables 1.1 and 1.2). The p55 gene 
(MPP1) is located on the X chromosome (Xq28), which encodes 466 amino acids. 
The protein p55 is the human homolog of dig, a Drosophila tumor suppressor gene 
[40]. This protein is composed of three domains: (1) an NH 2 -terminal domain of 
unknown function that is also present in dig, (2) a central SH3 domain that is 
embedded in the MAGUK domain, and (3) a COOH-terminal guanylate kinase 
domain [64, 65]. The protein appears to be present in a dimeric form, extensively 
palmitoylated, and tightly bound to the membrane [66]. Homologues of the p55 
include signal transduction proteins, tumor suppressor genes, and proteins im¬ 
portant in cell-to-cell interactions. This protein is expressed throughout erythroid 
differentiation and is widely expressed in nonerythroid tissues. 

The p55 binds to the 30 kDa domain of protein 4.1 through a 39 amino acid 
binding motif in the COOH-terminal MAGUK domain and to the cytoplasmic 
tail of glycophorin C by means of its single PDZ motif. The p55 binds to the 
30 kDa domain of protein 4.1 ( K d ~ 2 X 10~ 9 M) and to the cytoplasmic domain 
of glycophorin C (K d ~ 7 X 10~ 9 M). In the disease states, patients who are actually 
deficient in either protein 4.1 or glycophorin C also lack the p55 [67]. 

4.4.2 

Adducin 

Adducin, which is a Ca 2+ /calmodulin-binding phosphoprotein, is composed of a|3 
adducin heterodimers [68, 69]. This protein is located at the spectrin—actin junc¬ 
tional complex [58]. The a and |3 adducin are structurally similar proteins encoded 
by separate genes (Tables 1.1 and 1.2). A theoretical molecular weight of a-adducin, 
which is calculated from the results of gene sequencing, is 81 kDa, 1 % of the total 
red cell membrane proteins, and with 30 X 10 3 copies per red cell. However, the 
actual molecular weight of this protein is 103 kDa on the SDS-PAGE gels, 
which is quite larger than the theoretical one, because some other components 
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(such as glycosylated chains) are present on this molecule. P-Adducin (80 kDa) is 
97 kDa on the SDS-PAGE gels, 1 % of the total red cell membranes proteins, and 
with 30 X 10 3 copies per red cell. The a-adducin gene (ADDA) is located on chro¬ 
mosome 4 (4pl6.3), which encodes 737 amino acids. The P-adducin gene (ADDB) 
is located on chromosome 2 (2pl3—2pl4), which encodes 726 amino acids. A third 
nonerythroid adducin (y-adducin) is also known. The subunits have three domains: 
(1) an NH 2 -terminal domain (39 kDa) with a globular head, (2) a 9 kDa domain of 
the connecting neck, and (3) a protease-sensitive domain (33 kDa) with an ex¬ 
tended COOH-terminal tail [68, 70]. The last domain contains mainly hydrophilic 
residues and 22 amino acid segments homologous with the MARKS phosphoryla¬ 
tion domain that regulates Ca 2+ /calmodulin-regulated capping and bundling of 
actin filaments [71]. The four head domains cluster in a globular core, and the 
tail domains extend to interact with spectrins and actin. Adducin increases the 
binding of spectrin to actin, just like protein 4.1, whereas adducin does not interact 
directly with spectrin in the absence of actin, unlike protein 4.1. The tails of both el¬ 
and P-adducin bind to the actin-binding domain at the N-terminus of p-spectrin, 
and to the second spectrin repeat [72]. 

Adducin is expressed at the stage of erythroblasts, but is only incorporated into 
the red cell membrane structure at a late stage in erythroid development [73]. Ad¬ 
ducin contributes to the early assembly of the spectrin—actin complex, which is 
regulated by phosphorylation of the COOH-terminal domain of adducin by protein 
kinase C [74, 75]. In this event, adducin does not bind directly to spectrin in the 
absence of actin. Targeted inactivation of P-adducin in mice produced compensated 
spherocytic anemia and neurologic abnormalities [76]. For this assembly of a spec¬ 
trin—actin—adducin ternary complex, the actin-binding domain of p-spectrin and 
the first two spectrin repeats are required. Adducin is also present in various non¬ 
erythroid cells [68], especially at sites of cell-to-cell contact. The protein assembles 
at these sites in response to extracellular Ca 2+ , and dissociates when phosphoryla¬ 
tion of the protein is activated by protein kinase C. 

4.4.3 

Dematin (Protein 4.9) 

Dematin has been known to be associated with actin in erythroid and nonerythroid 
cells [58]. Human red cell dematin consists of two chains of 48 kDa and 52 kDa, 
which are present in a ratio of 3 (48 kDa) to 1 (52 kDa) (Tables 1.1 and 1.2). 
The native protein is a trimer [77]. There are 40 X 10 3 trimeric copies per cell, 
and the content of dematin is approximately 1 % of the total red cell membrane 
proteins. The dematin gene (EPB 49) is located on chromosome 8 (8p21.1), 
which encodes 383 amino acids [77, 78]. Dematin has two binding sites for 
F-actin, and bundles actin filaments into cables, which is inhibited by phosphory¬ 
lation with protein kinase A, but not with protein kinase C. The COOH-terminal 
half of the 48 kDa subunit is similar to villin, which is known as an actin-binding 
protein that induces growth of microvilli and reorganizes actin filaments in brush 
borders. The 52 kDa subunit of dematin has an additional 22 amino acid sequence 
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in the C-terminal domain of the 48 kDa subunit [77]. This sequence resembles that 
in protein 4.2 [79]. Dematin appears to attach to a lipid or integral membrane pro¬ 
tein, since it remains associated with the membrane during the extraction of other 
skeletal proteins. 

4.4.4 

Tropomyosin 

It is known that tropomyosin is also associated with actin [58]. Red cell tropomyo¬ 
sin is a heterodimer of 27 kDa and 29 kDa subunits on SDS—PAGE gels, on which 
tropomyosin migrates in the region of band 7 [80, 81]. There are 80 X 10 3 copies 
per cell, and its content is approximately 1 % of the total red cell membrane pro¬ 
teins (Tables 1.1 and 1.2). The tropomyosin gene (TPM 3) is located on chromo¬ 
some 1 (lq31), which encodes 239 amino acids. Stoichiometrically, one copy of tro¬ 
pomyosin binds to every six to eight actin monomers, which is just sufficient to 
line both grooves of the actin protofilament. The function of tropomyosin appears 
to be for stabilizing the short erythroid actin filaments and to help spectrin—actin 
interactions [82]. 

4.4.5 

Tropomodulin 

Tropomodulin is a 41 kDa protein that binds to tropomyosin in a 2:1 molar ratio 
with a K d of 5 X 10~ 7 M [83]. Each protein binds to the NH 2 -terminal region of 
the other. The molecular size of tropomodulin is 43 kDa on SDS—PAGE gels 
[58]. There are 30 X 10 3 copies per cell (Tables 1.1 and 1.2). The tropomodulin 
gene (TMOD) is located on chromosome 9 (9q22), which encodes 359 amino 
acids. This protein also binds to actin. Capping is enhanced when the grooves of 
the actin filament are lined with tropomyosin. Tropomodulin appears to have a 
tight association with the membrane. 

4.4.6 

Other Membrane Proteins 

Myosin [58, 84, 85] and caldesmon (a 71 kDa calmodulin-binding protein) [86] are 
known as minor components of the red cell membrane proteins, although their 
physiological functions have not been elucidated in detail. 
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5 

Integral Proteins 


5.1 

Band 3 

Band 3 is the major integral protein of the red cells, and is also known as anion 
exchanger-1 (AE1) [1—4]. This protein is a transmembrane glycoprotein with a mo¬ 
lecular mass of about 100 lcDa, and comprises 25 to 30 % (w/w) of the total mem¬ 
brane proteins (Tables 1.1 and 1.2). There are about 1200 X 10 3 copies per cell. 
Band 3 migrates as a diffuse band on SDS—PAGE gels due to heterogeneous gly- 
cosylation [5, 6]. 

The human band 3 cDNA is about 4.7 kb in length and encodes a 911 amino acid 
polypeptide [7, 8]. The gene (EPB3) is located on chromosome 17 (17q21—q22). 

Structure and functional interpretation of the cytoplasmic domain of erythrocyte 
membrane band 3 have recently been shown crystallographically [9]. 

5.1.1 

Structure of Band 3 

Band 3 is composed of the cytoplasmic (NH 2 -terminal) domain and helices and 13- 
sheets to form the transmembrane (COOH-terminal) domain [1—5] (Fig. 5.1). 

The cytoplasmic (NH 2 -terminal) domain of band 3 is composed of the first 403 
amino acids. The major part of this domain (amino acids 1 to 359) is released from 
the membrane by treatment with chymotrypsin or trypsin as a 43 kDa fragment 
[10]. The two regions can be separated by chymotrypsin cleavage at the inner mem¬ 
brane (position 359). A second chymotryptic site is accessible at the external sur¬ 
face at position 553. This domain is an elongated, water-soluble, 403 amino acid 
segment with a flexible proline-rich hinge near the center, which is located be¬ 
tween amino acids 175 and 190 of this domain. The first 45 amino acids in the cy¬ 
toplasm are highly acidic. The reminder of the domain is fairly mobile. It extends 
at a high pH and contracts at a low pH [5]. 

The transmembrane (COOH-terminal) domain (amino acids 404 to 911), which 
is composed of approximately 52 kDa (17 + 35 kDa), folds into helices and P-sheets 
to form 12 to 14 membrane-spanning segments containing the anion transport 
channels. The boundary between the NH 2 -terminal (cytoplasmic) tail and the 
first membrane-spanning segment (amino acids 400 to 404) is highly conserved 
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in red cells of various species [7, 9]. The protein at position 403 is particularly im¬ 
portant for creating a |3 bend or a random coil at the membrane junction, which is 
known as an inter-domain hinge and gives the tail freedom of movement [11]. 

5.1.2 

Functions of Band 3 

5.1.2.1 Membrane Protein Binding by the Cytoplasmic Domain of Band 3 

The cytoplasmic (43 kDa) domain of band 3 plays a centrol role in the attachment 
of the cytoskeleton to the plasma membrane. The inter-domain hinge at this at¬ 
tachment point is important for the flexibility and rigidity of red cells. Three pe¬ 
ripheral membrane proteins (ankyrin [12—15], protein 4.1 [16, 17], and protein 

4.2 [18]) bind to the cytoplasmic domain of band 3. The ankyrin-binding involves 
several regions (proximal, middle, and distal) scattered throughout the cytoplasmic 
domain, implying that the cytoplasmic domain has a complex folded structure. An¬ 
kyrin binds to the flexed conformations of band 3, most probably to band 3 tetra- 
mers. It has been suggested that protein 4.1 and protein 4.2 have more than one 
site of attachment. Protein 4.1 also binds to peptides containing clustered basic re¬ 
sidues (LRRRY and IRRRY) that are located at the COOH-terminal end of this do¬ 
main [17]. Some of the band 3 gene mutations (band 3 Tuscaloosa, band 3 Monte- 
fiore, band 3 Fukuoka, and band 3 Coimbra; see Section 15.1) are known to de¬ 
monstrate a markedly decreased protein 4.2 content. 

Band 3 is associated with glycophorin A (GPA) in the membrane [19, 20]. GPA 
facilitates translocation of band 3 from the endoplasmic reticulum as the site of 
synthesis of band 3 to the plasma membrane of Xenopus oocytes. Band 3 is critical 
for GPA synthesis or its stability, since GPA is also deficient in the band 3-deficient 
red cells [21]. Glycophorins do not appear to be a determinant for the expression of 
band 3, because when there is a combined deficiency of glycophorin A and B (a 
glycophorin M k M k phenotype) the red cells demonstrate normal amounts of 
band 3. There is additional evidence for the interaction of band 3 with GPA. The 
Wright (Wr b ) antigen is caused by interaction of a site on band 3 (Glu 658 ) with a 
site or sites located near the end of the extracellular domain of GPA or in the ad¬ 
jacent transmembrane domain [22]. A monoclonal antibody to the Wr b blood type 
antigen immunoprecipitates both band 3 and GPA [23]. Furthermore, antibodies to 
glycophorin decrease the lateral and rotational mobility of band 3, indicating the 
presence of an interaction of band 3 with glycophorin. 

Self-association of band 3 is one of its major functions in red cell biology. Band 3, 
which is extracted from the membrane by a nonionic detergent (octaethylene glycol 
n-dodecyl monoether), exists as stable dimers (70%), tetramers, and higher-order 
oligomers (30%) [24]. Tetramers of band 3 are associated with the membrane 
skeleton. Since isolated membrane domains only form dimers, tetramers appear 
to be assembled by cross-linking neighboring dimers through the cytoplasmic 
domain, with ankyrin, or hemichromes. The most efficient physiological func¬ 
tional form in which interactions with cytoplasmic molecules occur appears to 
be tetrameric. 
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5.1.2.2 Binding to Glycolytic Enzymes by the Cytoplasmic Domain of Band 3 

The acidic NH 2 -terminal sequence has the binding sites for the glycolytic enzymes, 
that is, glyceraldehyde-3 -phosphate dehydrogenase (G-3-PD) [25], phosphoglyce- 
rate kinase (PGK) [26], and aldolase [27]. These enzymes are basically cytosolic en¬ 
zymes, but about 65 % of G-3-PD, 50 % of PGK, and 40 % of aldolase are bound to 
band 3 in the intact red cells. The enzymatic activities of these three enzymes are 
inhibited by membrane attachment, which are regulated by substrates, cofactors, 
inhibitors, and also phosphorylation of tyrosine 8 [28]. The phosphorus is added 
by the kinase p72syk and may be removed by a phosphotyrosine phosphatase 
which is bound to band 3. 


5.1.2.3 Binding to Hemoglobin by the Cytoplasmic Domain of Band 3 

The cytoplasmic domain of band 3 also binds hemoglobin. Deoxyhemoglobin 
binds better than the oxyhemoglobin. As regards this binding, the first five to 
seven amino acids of band 3 at the NH 2 -terminal end are inserted deep into the 

2.3- diphosphoglycerate (2,3-DPG)-binding cleft of hemoglobin [29]. Therefore, 

2.3- DPG inhibits deoxyhemoglobin binding by band 3. Under physiological condi¬ 
tions, approximately half the band 3 molecules have hemoglobin attached. A dena¬ 
tured form of hemoglobin binds better and polymerizes with band 3, forming an 
aggregate of hemichromes and band 3 [30]. This binding of band 3 with hemi- 
chromes appears to stimulate aggregation into patches, which are uniquely recog¬ 
nized by a red cell senescence isoantibody, leading to opsonization of the cell and 
its removal from circulation by the spleen. This mechanism may be one of the im¬ 
portant events in red cell ageing. 


5.1.2. 4 Anion Exchange Channel by the Transmembrane Domain of Band 3 

The transmembrane (52 kDa) domain of band 3 (amino acids 404—911) contains 
an anion exchange channel [1, 31—34]. The transport capacity is evaluated as being 
from 10 10 to 10 11 bicarbonate and chloride anions per second by 1200 X 10 3 
molecules of band 3 per red cell. The bicarbonate is produced by carbonic anhy- 
drase in the red cells. Most of the bicarbonate produced appears to have originated 
through this channel. In addition, approximately 60 % of C0 2 transport from the 
tissues to the lungs appears to be handled in this way. The hydrogen (H + ) 
byproduct by carbonic anhydrase binds to hemoglobin and facilitates oxygen 
release to the tissues [33]. All of these reactions are reversed in the lungs. The 
basic structural unit in both the inward- and outward-facing transporters is an 
oblong band 3 dimer. At the center of the dimer, the two monomers are located 
close together to form a channel. There is also a flexible subdomain on the far 
side of each monomer, which might be formed by one or more of the large 
cytoplasmic loops between transmembrane helices. The anion exchange itself 
appears to occur through a ping-pong mechanism. An intracellular anion enters 
the transport channel and is translocated outward and released, with the channel 
remaining in the outward conformation until an extracellular anion enters and 
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triggers the reverse cycle [1]. It has recently been shown that glutamic acid (Glu 681 ) 
plays the key role in chloride translocation by human band 3, that Glu 681 is located 
near the carboxy terminus of transmembrane segment 8 (TM8) at the region of 
the chloride channel, and that Lys 851 , Ser 852 , and Ala 858 are also required for this 
channel [34]. 

Anion transport requires a high energy and volume of activation. Anion ex¬ 
change is extremely rapid with a half-life of 50 ms for chloride and bicarbonate, 
and the specificity of the channel is fairly broad. At much slower rates, large anions 
(sulfate, phosphate, phosphoenol pyruvate, and superoxide) are also transported 
through this channel [1, 2]. 


5.1.2.5 Lateral and Rotational Mobility of Band 3 

Lateral mobility of band 3 in normal human red cell membranes is constrained by 
steric hindrance interactions, low affinity binding interactions, and high-affinity 
binding interactions [35—37]. Steric hindrance interactions between band 3 oligo¬ 
mers and the spectrin-based membrane skeleton put a major constraint on the lat¬ 
erally mobile band 3 fraction, slowing the rate of band 3 lateral diffusion by ap¬ 
proximately 50-fold compared with the predicted diffusion rate of free band 3 in 
membranes devoid of a functional membrane skeleton. The spectrin/band 3 
ratio is the major determinant of the lateral diffusion rate of band 3. Fluorescence 
recovery after use of the photobleaching (FRAP) method (Fig. 5.2) demonstrates 
that, in normal red cells, approximately one-third of band 3 is present in the mobile 
fraction and the remaining two-thirds exist in the immobile fraction, which is fixed 
to the cytoskeletal network, in particular to ankyrin [35—37]. It has been reported 
that the mobile fraction was 0.43 ±0.11 with a lateral diffusion coefficient of (6.86 
± 1.37) X 10~ n cm 2 s _1 in normal red cells by the FRAP method. 

Rotational mobility of band 3 in normal human red cell membranes is con¬ 
strained by low-affinity and high-affinity binding interactions. The rotationally im¬ 
mobile band 3 fraction apparently represents individual band 3 molecules bound 
with high affinity to ankyrin. The rapidly rotating band 3 fraction consists of di¬ 
mers, tetramers, and higher order oligomers of band 3 that are free from rotational 
constraints other than the viscosity of the lipid bilayer. The slowly rotating band 3 
fraction is less well-defined. Rotational constraints applied by low-affinity binding 
interactions between ankyrin-linked band 3 and other band 3 molecules, and be¬ 
tween the cytoplasmic domain of band 3 and membrane skeletal proteins (ankyrin, 
protein 4.1 and protein 4.2) have been invoked. 


5.1.2.6 Blood Type Antigens and Band 3 

On the transmembrane domain of band 3, a complex carbohydrate structure is at¬ 
tached to Asn 642 [1, 2, 20]. Within the carbohydrate structure, N-acetylglucosamine, 
mannose, galactose and other moieties exist. 

Band 3 carries various polymorphic peptide epitopes including band 3 Memphis 
(Lys —» Glu at position 56), such as the Diego blood group system, Wright (Wr a and 
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Figure 5.2 Principle of fluorescence recovery 
after the photobleaching (FRAP) method to 
examine lateral mobility of band 3 molecules in 
red cell membranes in situ. The procedure is 
shown in (I). After band 3 is labeled by fluor¬ 
escence (A), it is subjected to a spot laser 
beam, which abolishes the intensity of fluores¬ 
cence on band 3 (B). The intensity of fluores¬ 
cence is recovered by reentry of band 3 mole¬ 
cules with their lateral mobility (C). Relative 
fluorescence intensity is measured during this 


course of time. The extent of the recovery of 
fluorescence intensity represents a mobile 
fraction (approximately 30% of total) of band 3, 
and the remainder is equivalent to an immobile 
fraction of band 3. Interpretation of the results 
is shown schematically in (II). The band 3 
molecules attached to the cytoskeletal network 
with anchoring proteins (ankyrin, and also 
probably protein 4.2) are immobile (a), and 
those without any fixation to the network are 
mobile (b, c, and d). 


Wr b ) antigens and several other low frequency antigens [38]. No apparent conse¬ 
quence for band 3 function is observed in these antigenic variants. 

The Diego (Di a ) allele is observed with varying frequencies in Asian and South 
American populations, although this allele is exceedingly rare in most Caucasians 
[20]. Di a and Di b antigens correspond to a proline or a leucine residue at position 
854 of the band 3 molecule, respectively. 

Among the Wright alleles, the Wr b allele is predominantly expressed (higher 
than 99%), whereas the Wr a allele is extremely rare [20, 22, 23]. Wr a and Wr b anti- 
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gens correspond to a lysine or a glutamine residue, respectively, encoded by codon 
658 of band 3. The expression of Wr b is suppressed in glycophorin A deficiency. 

Band 3 also carries several minor antigens, such as Waldner (Wd a ), Redelberger 
(Rb a ), Traversu (Tr a ), Wulfsberg (Wu), Moen (Mo a ), ELO, and Warrior (WARR). It is 
known that WARR and Wu correspond to point mutations of Thr 552 —» lie and 
Gly 565 —» Ala of band 3, respectively. ELO, Rb (a+), Tr (a+), and Wa (a+) 
correspond to Arg 432 —» Trp, Pro 548 —» Leu, Lys 551 —> Asn, and Val 557 —> 

Met substitutions, respectively [20, 38]. 

On the transmembrane domain of band 3, a complex carbohydrate structure is 
attached to Asn 642 . The Ii antigens are carbohydrate molecules and correspond to 
portions of the oligosaccharide chains [20]. Molecules with i reactivity correspond 
to oligosaccharide chains containing at least two repeating N-acetylgalactosamine 
units, whereas I activity corresponds to a branched oligosaccharide structure 
formed by an N-acetylgalactosamine unit attached in a pi,6-linkage to a galactose 
residue within linear lactosamine polymers. Oligosaccharide chains in neonatal red 
cells are largely unbranched, and those in adult red cells are highly branched. The 
increase in the 1 reactivity, with a corresponding decrease in i reactivity, during 
early infancy corresponds to the elaboration and display of increasing numbers 
of pl,6-linked lactosamine units. Therefore, red cell expression of these Ii antigens 
is developmentally regulated. This particular p (1,6) N-acetylglucosaminyltransfer- 
ase activity and a chain-elongating p (1,3) N-acetylglucosaminyltransferase activity 
have been identified. 

5.1.3 

Band 3 in Nonerythyroid Cells 

It is known that, in addition to erythroid band 3 (anion exchanger-1: AE1, or solute 
carrier family 4A: SLC4A1), two other genes (AE2 and AE3) encoding band 3-related 
anion exchange proteins are present [7, 8, 39—41]. AE2 (or SLC4A2) is the general 
tissue anion antiporter, and is widely distributed in many tissues and cells. AE3 (or 
SLC4A3) is expressed in the heart and brain. In AE2 and AE3, approximately 300 
amino acids are added to the NH 2 -terminus of the AE1 molecule. Therefore, AE2 and 
AE3 are larger than AE1. Among these three transporters, there is distinct homology, 
particularly in the membrane domain of their molecules. AE1 is also expressed in 
tissues other than red cells, such as in the acid-secreting, type A-intercalated cells in 
the collecting ducts of the kidney, and in cardiac myocytes. The kidney transcript 
lacks the first 66 amino acids of the cytoplasmic domain of AE1. Thus, it is unable 
to bind glycolytic enzymes, protein 4.1, or ankyrin. 


5.2 

Glycophorins 

The glycophorins are known as the most abundant integral membrane glycopro¬ 
teins in red cells [19, 42, 43]. Glycophorins have a high sialic acid content, and 


88 | 5.2 Glycophorins 

more than 95 % of the periodic acid Schiff (PAS)-staining compounds come from 
the glycophorins. The five types of glycophorins are known as glycophorins A, B, C, 
D, and E [19, 42—52]. Among these five glycophorins, glycophorins A, B, and E are 
encoded by three closely linked genes [49—52], whereas glycophorins C and D arise 
from a single locus bearing no significant homology to the genes for glycophorins 
A, and B. Glycophorin D differs from glycophorin C by use of an alternate transla¬ 
tion start site created by alternative mRNA splicing [19, 42, 43]. Another gene linked 
in tandem with those for glycophorins A and B has been isolated, which encodes 
glycophorin E [49—52]. This appears to have evolved from glycophorin A by homo¬ 
logous recombination at Alu repeats [49, 50]. However, no protein product has been 
identified regarding the gene for glycophorin E. Characterization of cDNA and 
genomic clones encoding the glycophorins has revealed that they fall into two dis¬ 
tinct subgroups. Therefore, glycophorins are categorized into two groups, that is: 
(1) glycophorins A, B, and E, and (2) glycophorins C and D [19, 42, 43]. 

5.2.1 

Glycophorins A, B, and E 

5.2.1.1 Glycophorin A (GPA) 

Glycophorin A (GPA) is the major sialoglycoprotein of red cells [19]. It is present at 
a level of approximately one million copies per cell (Tables 1.1 and 1.2). Its molec¬ 
ular weight, including carbohydrate, which is estimated from mobilities on SDS 
gels is 36 X 10 3 , and the molecular weight which is calculated from its molecular 
sequence excluding the carbohydrate chain is 14 X 10 3 . GPA is approximately 
1.6% (w/w) of the total membrane proteins in the red cells. Three GPA com¬ 
plementary DNA transcripts are expressed from the gene (transcripts of 2.8, 
1.7, and 1.0 kb) that vary only by the use of alternative polyadenylation sites. 
The 5’-ends of these transcripts are essentially identical. 

The gene of GPA (GYPA) is located at chromosome 4q28—q31. GPA is synthe¬ 
sized with a cleavable leader peptide that yields a type I transmembrane protein 
131 amino acids long [19, 44, 45]. The protein is heavily glycosylated with a single 
asparagine (position 26)-linked glycan and 15 serine—threonine-linked oligosac¬ 
charide units. Approximately 60 % of the GPA molecule is carbohydrate. 

GPA gene is composed of seven exons (Fig. 5.3). Exon 1 yields a leader peptide, 
whereas exons 2 (amino acids 1—26), 3 (amino acids 27—57), and 4 (amino acids 
58—70) encode the extracellular domain. Exon 5 encodes the transmembrane do¬ 
main (amino acids 71—100). Exons 6 and 7 generate the cytosolic domain 
(amino acids 101—131) and 3’-untranslated region [19, 44, 45]. 

The precise biological functions of GPA have not been well defined. Since GPA 
demonstrates an extensive negative surface charge of the red cells, it is expected 
that it may modulate interactions between red cells and red cells, or between red 
cells and endothelial cells. It has been reported that red cells are clumped when 
sialic acids are removed. The M and N antigens on GPA are determined by 
amino acid polymorphism at positions 1 and 5 of the mature polypeptide. The 
M antigen is defined by a serine at amino acid position 1 and a glycin at position 
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GP-A/B/E group _ _ GP- C ID g roup _ 


GPA GPB GPE GPC GPD 



Figure 5.3 Molecular structures of glycophorins A, B, C, D, and E. Glycophorins B (GPB) and E 
(GPE) are basically derived from glycophorin A (GPA). In contrast, glycophorin D (GPD) is der¬ 
ived from glycophorin C (GPC). E denotes exons. Ge: Gerwich blood group antigens. 


5, whereas the N antigen is defined by a leucine at position 1 and a glutamine at 
position 5 [19, 20, 53]. Another example is the Ss phenotype. When methionine is 
present at amino acid position 29, the S phenotype is expressed [19, 20, 53]. Simi¬ 
larly, the presence of threonine at position 29 produces the s phenotype. 

GPA is expressed only in erythroid cells, especially after the proerythroblast stage 
during terminal erythroid maturation. Glycophorin A-deficient red cells, such as an 
En (a—) type [20, 54], exhibit increased glycosylation of band 3, probably due to the 
addition of excessive sialic acid, which should have been present on the GPA mo¬ 
lecule. Therefore, total surface charge density is not affected, and GPA-deficient red 
cells maintain the normal red cell shape and deformability. Thus, GPA may not be 
crucial with respect to the maintenance of mechanical stability, deformability, or 
shape change. Total deficiency of band 3 in the band 3-knock-out (—/—) mice 
[55, 56] or in the Japanese cow [57] is associated with complete deficiency of 
GPA in their red cells. In addition, when red cells bind to immunologically non¬ 
specific ligands, (wheat germ agglutinin) the binding causes aggregation of glyco¬ 
phorin and decreases red cell deformability. Glycophorin-deficient red cells are 
more resistant to invasion by malaria parasites than are normal red cells [58]. 
Amino acids 90 to 93 of the membrane domain appear to be critical to the forma¬ 
tion of GPA dimers in the membranes. In the transmembrane domain, a GPA 
dimer showed a small, well-packed interface between the molecules. Van der 
Waals interactions alone can mediate stable and specific associations between 
transmembrane helices [59]. 
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5.2.1.2 Glycophorin B (GPB) 

Glycophorin B (GPB) is fairly similar to GPA except for their exoplasmic domains 
and cytoplasmic tails [46, 48]. The gene for GPB ( GYPB ) is located on chromosome 
4q28—q31 (Tables 1.1 and 1.2). GPB is a structurally similar type I transmembrane 
protein derived from a gene consisting of five exons. This gene yields a single 0.5 kb 
transcript. GPB is synthesized with a cleavable single sequence to yield a type I 
transmembrane protein, which is 72 amino acids in length. There are no aspara¬ 
gine-linked carbohydrate chains, because asparagine in position 26 of exon 3 is 
spliced out, whereas there are approximately 11 serine—threonine-linked oligosac¬ 
charide chains. Approximately 50% of the mass of GPB molecules consists of 
oligosaccharide. There are only about 150 000 copies per cell. The apparent molec¬ 
ular weight of GPB on the SDS gels is 20 X 10 3 , and that calculated from protein 
sequence data is 8 X 10 3 . GPB is equivalent to 0.2% (w/w) of the total red cell 
membrane proteins. 

The glycophorin B gene is composed of five functional exons (exons 1, 2, 4, 5, and 
6) [46, 48] (Fig. 5.3). Sequences corresponding to exon 3 are designated as pseu¬ 
doexons, because the sequences are not expressed in GPB transcripts as a conse¬ 
quence of a non-functional splice acceptor sequence at its 3’-border. Exon 1 yields 
a leading peptide. The extracellular domain is encoded by exons 2 and 4, and exon 5 
encodes the transmembrane and short cytosolic segment. Exon 6 generates the 
3’-untranslated region. Amino acid sequence polymorphisms encoded by exon 4 
yield an S-specific GPB molecule (methionine at position 29), or an s-specific mo¬ 
lecule (threonine at position 29) [20, 53]. The amino acid sequence encoded by exon 
2 yields the N antigen, with leucine at position 1 and glutamine at position 5. 

No biological function has been assigned to GPB other than its association with 
the Ss blood group [20, 53]. GPB is only present in erythroid cells, as is GPA. 


5.2.1.3 Glycophorin E (GPE) 

Glycophorin E is a glycophorin that has been identified by molecular cloning 
[49—52] (Tables 1.1 and 1.2). The genes for glycophorins A, B, and E are located 
on the same chromosome 4q28—q31, in the order A, B, and E. The genomic struc¬ 
ture and promoters of all three genes are highly conserved, and all three contain 
cleavable leader peptides. These three genes are oriented in a tandem fashion in 
a gene cluster (Fig. 5.4). 

The glycophorin E gene ( GYPE) is predicted to be composed of four functional 
exons (exons 1, 2, 5, and 6) and two non-utilized pseudoexons (numbers 3, and 4) 
(Fig. 5.3). Exon 1 yields a leader peptide, exon 2 (positions 1 to 26) encodes the pu¬ 
tative extracellular domain, and exon 5 (positions 26 to 59) encodes the predicted 
transmembrane segment. Exon 6 produces the 3’-untranslated region. The 
GYPE locus lacks DNA sequences corresponding to amino acid residues 27 to 
39 of GPB, encompassing the position of the Ss amino acid sequence polymorphism 
in GPB. GYPE also contains a DNA sequence insertion, relative to GYPA and GYPE, 
at a position corresponding to exon 5 of GYPA. This insertion is predicted to encode 
eight amino acids not present in GPA or GPB. A polypeptide product corresponding 
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to the GYPE locus has not been identified in vivo, but it could be a 20 000 Da molecule 
with a length of 59 amino acids, and with residues 1 and 5 occupied by serine and 
glycine, respectively, corresponding to the M type blood group. 

5.2.2 

Gylcophorins C and D 

5.2.2.1 Glycophorin C (GPC) 

Glycophorin C (GPC) is a glycoprotein with 128 amino acids [42, 43, 47, 48, 60, 61]. 

The molecular weight on the SDS gels is 32 kDa, but when calculated it is 14 kDa, 
because extensive posttranslational modification by glycosylation at the single as¬ 
paragine (residue 8)-linked N-glycosylation site and 12 serine—threonine-linked 
O-glycosylation sites are present (Tables 1.1 and 1.2). Approximately 0.1% of the 
total membrane proteins (w/w) is GPC. There are about 143 X 10 3 copies of gly- 
cophorins C (per red cell). The gene for GPC ( GYPC) is located on chromosome 
2ql4—q21. The GPC gene is composed of four exons (Fig. 5.3). The extracellular 
domain of GPC (residues 1—57) is encoded by exons 1, 2, and 3. The glycosylation 
sites are located in this extracellular domain. The transmembrane segment (resi¬ 
dues 58—81) is encoded by exons 3 and 4, and the cytosolic domain (residues 
82—128) by exon 4. The Gerbich (Ge: 2 and Ge: 3) blood type antigens are located 
at positions corresponding to exons 2 and 3 of GPC, respectively [20, 42, 62]. 

It is known that GPC is not erythroid-specific, and is present in multiple nonery- 
throid tissues in a distinctive fibrillar pattern. During erythroid differentiation, a 
desialylated form of GPC is present on the surface of erythroid progenitors of 
the burst forming unit in the erythroid (BFU-E). Normally glycosylated GPC first 
appears in erythroid progenitors of the colony-forming unit in erythroid (CFU-E). 

GPC is functionally important, because the cytoplasmic tail of GPC binds to pro¬ 
tein 4.1 and p55 resulting in the anchoring of the skeletal network to the membrane, 
as described previously (in Sections 4.2.2 and 4.4.1). Therefore, GPC plays a crucial 
role in regulating the stability, deformability, and shape of the membrane. 
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Figure 5.4 Evolution of glycophorins A, B and E. GPA: glycophorin A, GPB: glycophorin B, and 
GPE: glycophorin E. 
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5.2.22 Clycophorin D (GPD) 

GPD is a truncated form of GPC (Fig. 5.3), corresponding to residues 22 to 128 of 
GPC [20, 42, 43, 60]. Therefore, GPD (23 kDa) is approximately 9000 Da smaller 
than GPC (32 kDa) on the SDS gels (Tables 1.1 and 1.2). The molecular weight 
of GPD calculated from the gene ( GYPD ) sequence is 11 kDa, and roughly 
0.02% of the total membrane proteins (w/w) is GPD. There are approximately 
82 X 10 3 copies of GPD per red cell. The same transcript yields both GPC and 
GPD through a mechanism involving translation initiation at an internal ATG 
codon. When translation is initiated at the first AUG, GPC is produced. When 
initiation occurs at the AUG encoding methionine at position 20, GPD as a trun¬ 
cated protein is produced. Residues 22 to 128 are identical in GPC and GPD. GPC 
does not express a cleavable signal peptide. The genes for GPC and GPD are 
located on chromosome 2ql4—q21. There are six O-linked sugar chains in the 
GPD molecule, but none of the N-linked sugar chains. GPD expresses only the 
Ge: 3 determinant of the Gerbich blood group [20, 62]. 


5.3 

Blood Group Antigens 

As many as 243 different determinants have been listed as blood group antigens, 
which belong to one of 19 distinct blood group systems [20, 63—68] (Table 5.1). 
Some of these demonstrate the clinical relevance of the antigens especially in 
red cell transfusion and organ transplant procedures. Therefore, current informa¬ 
tion on their biochemical and genetic properties and the molecular basis for the 
inherited polymorphisms in these molecules is critical. 

5.3.1 

ABO Blood Group 

Human beings are classified into distinct groups by the ABO blood group system 
(Table 5.1) depending on the presence or absence of substances in the serum that 
agglutinate red cells from humans of other classes [69]. The antigens of the ABO 
system (A, B, and H determinants) are expressed by red cells and by many other 
tissues. The cells of some human tissues produce water-soluble forms of these 
molecules as components of the glycans on secreted and soluble glycoproteins, 
on glycosphingolipids, and on free oligosaccharides. This mechanism is deter¬ 
mined by the Secretor (Se) locus. 

The immunoreactive regions of the ABO blood group determinant are located at 
the terminal ends of various oligosaccharides, which are components of integral 
proteins and glycolipids of red cell membranes [69—72]. The A, B, and H blood 
group molecules are constructed sequentially by distinct glycosyltransferases 
which are determined by a distinct genetic locus. These glycosyltransferases oper¬ 
ate on one of four structurally distinct oligosaccharide precursor types synthesized 
in human cells. Type 1 oligosaccharide precursors are found at the termini of lin- 
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ear and branched chain oligosaccharides linked to proteins at asparagine residues 
or at serine or threonine residues. 

The type 1 oligosaccharide precursors are synthesized only by epithelia of various 
tissue cells, yielding ABH determinants present in body fluids and secretions. The 
ABH determinants expressed by red cells are mainly by the type 2 precursor 
chains, which are also asparagine-linked or serine—threonine-linked oligosaccha¬ 
rides. Type 3 A, B, and H antigens in mucins are not found in human red cells. 
Type 4 chains are restricted to glycolipids in human red cells. 

These oligosaccharide precursors are catalyzed by a (1,2) fucosyltransferase in a 
transglycosylation reaction. These enzymes transfer the nucleotide sugar substrate 
GDP-fucose to carbon 2 of the galactose molecule at the oligosaccharide precursors 
[69, 70]. The fucose is attached in an alpha anomeric linkage and forms the blood 
group H determinant, such as the disaccharide Fuc a (1,2) Gal (3-unit. The human 
genome encodes two different a (1,2) fucosyltransferases in a tissue-specific fash¬ 
ion, which correspond to the products of the H and the Se blood group loci [73]. 

Glycosyltransferases, which are encoded by the ABO blood group locus, use type 
1, 2, 3, or 4 H determinants to form A or B blood group determinants. The A allele 
at the ABO locus encodes an a (1,3) N-acetylgalactosaminyltransferase that uses H 
molecules to form the blood group A molecule [69—71]. The B allele encodes an a 
(1, 3) galactosyltransferase that operates on H-active oligosaccharide precursors to 
form the blood group B determinant. The O allele is a null allele, which cannot 
encode a functional glycosyltransferase that will further modify H-active precur¬ 
sors. 

The ABH determinants in human red cells are mainly associated with mem¬ 
brane glycoproteins, that is, 80% of those (1—2 X 10 6 molecules per red cell) 
in band 3, and others in the red cell glucose transporter (band 4.5: 

0.5 X 10 6 molecules per red cell), the Rh-related proteins, and the aquaporin-1 gly¬ 
coprotein [74]. Red cell membrane glycolipids are also involved with the ABH mo¬ 
lecules (0.5 X 10 6 molecules per red cell). A single asparagine-linked oligosacchar¬ 
ide molecule on band 3 is a branched poly-N-acetylgalactosaminoglycan, whose 
terminal branches may display several ABH determinants. 

Ig M antibodies specific for ABO oligosaccharide determinants are not displayed 
in red cells during infancy. This immune response is a consequence of exposure to 
microbial oligosaccharide antigens that are structurally similar (or identical) to the 
A and B blood group molecules. It is also interesting to note that, in most indivi¬ 
duals, antibodies directed against H determinants are not formed because a sub¬ 
stantial number of the blood group H precursors are not enzymatically converted 
into A or B determinants. The Ig M isoagglutinins, which occur naturally, effi¬ 
ciently fix complement leading to acute hemolysis of transfused red cells that dis¬ 
play the corresponding antigen. There are a substantial number of variants of the 
ABH blood group antigensss [75, 76]. For example, in A subgroups, the A 1 and A 2 
phenotypes are known, which differ in their molecular structure [70, 71]. The ab¬ 
solute number of immunodominant molecules is greater on Aj cells than it is on 
A 2 cells. 
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The human A transferase is a type II transmembrane protein, and is composed 
of 353 amino acids with an NH 2 -terminal segment (residues 1—15), a hydrophobic 
segment (residues 16—39), and a COOH-terminal domain (residues 40—353). The 
COOH-terminal catalytic domain is located within the membrane-delimited com¬ 
partments of the Golgi and the trans-Golgi network, where terminal glycosylation 
reactions occur. This enzyme has a single potential site for asparagine-linked gly¬ 
cosylation, and functions as a glycosyltransferase [77]. 

The A transferase is also present as a soluble, catalytically potent polypeptide. In 
the molecular structure, the NH 2 -terminus of the soluble enzyme corresponds to 
the alanine residue at codon 54, indicating that the soluble form of the A transfer¬ 
ase is derived from its transmembrane precursor by proteolysis. Therefore, glyco¬ 
syltransferase exists in both membrane-associated and soluble, catalytically active 
forms [70]. 

As regards the molecular basis for polymorphism at the ABO locus, the blood 
group O phenotype is produced and is due to a single base pair deletion of one 
nucleotide in the codon for amino acid 87 of the A transferase. By this frameshift 
of the reading frame, a termination codon appears at amino acid residue 117 of the 
A transferase. The truncated protein (116 amino acids) is consequently unable to 
modify the H antigen to form A or B structures, resulting in no detectable A or 
B transferase activity being observed in the sera taken from blood group O indivi¬ 
duals (genotype 00). 

As for the A or B blood group phenotype, seven differences in nucleotide se¬ 
quence are present within the protein-coding segments of the A transferase 
cDNA. Three of the seven appear to be functionally neutral polymorphisms. The 
other four appear to be critical for expressing the A and B transferases. These 
are at residues 176 (arginine, A; glycine, B), 235 (glycine, A; serine, B), 266 (leu¬ 
cine, A; methionine, B), and 268 (glycine, A; alanine, B). The polymorphisms at 
positions 266 and 268 are important for enzymatic functions to discriminate be¬ 
tween UDP-N-acetylgalactosamine and UDP-galactose. Therefore, leucine at 266 
and glycine at 268, or methionine at 266 and alanine at 268 generate an A trans¬ 
ferase or B transferase, respectively. 

H blood group oligosaccharide precursors are the most important substrates for 
the transferases encoded by the ABO locus. H-active precursors display terminal 
Fuc a (1,2) Gal p linkages, which are an integral part of the A and B antigenic de¬ 
terminants. These linkages are synthesized by a (1,2) fucosyltransferases (GDP-fu- 
cose: Gal p2-a-L-fucosyltransferase). These transferases can use types 1, 2, 3, and 4 
glycoprotein or glycolipid substrates as well as low molecular weight P-D-galacto- 
sides [70], 

The synthesis of H-active blood group substances is determined by two factors, 
that is, the H locus and the Secretor (Se) locus [69, 70]. 

The Se locus determines expression of an a (1,2) fucosyltransferase activity, and 
H-active blood group substances (membrane-associated, and also soluble). Nearly 
all of this soluble blood group-active substance is constructed from type 1 precur¬ 
sors and is released mainly from the sublingual and submaxillary glands and the 
parotid gland. 


5 Integral Proteins | 97 

Red cells taken from both secretors and non-secretors maintain an essentially 
identical complement of H-determinants and also A or B determinants, depending 
on the ABO locus genotype. In red cell precursors, the synthesis of a (1,2) fucosyl- 
transferase activity, and H determinants is directed by the H locus. The H and Se 
loci correspond to distinct genes encoding different a (1,2) fucosyltransferases with 
disparate tissue-specific expression patterns. The H locus is expressed predomi¬ 
nantly in erythroid cells. In contrast, the Se locus represents a second a (1,2) fuco- 
syltransferase locus whose expression is restricted to the epithelia of many tissue 
cells. Individuals with the secretor phenotype maintain at least one functional al¬ 
lele at both the H locus and the Se locus. Individuals with the non-secretor pheno¬ 
type maintain two null alleles at the Se locus and at least one functional H allele. 

In human erythroid cells, the Se locus is constructed mainly from type 1 precur¬ 
sors, and the H determinants, which are synthesized by the H-encoded a (1,2) fu- 
cosyltransferase, are based on type 2 precursors [69, 73]. The human Se locus and 
the human H locus are separated only by 35 kb of genomic DNA on the same 
human chromosome 19. 

The human H locus encodes a 365 amino acid-long polypeptide as the type II 
transmembrane glycosyltransferase [78, 79]. The molecular structure is composed 
of an NH 2 -terminal cytosolic domain (residues 1—8), a hydrophobic domain (resi¬ 
dues 9—25) that spans the Golgi membrane, and a COOH-terminal domain (resi¬ 
dues 26—365) corresponding to a Golgi-localized catalytic domain, where two po¬ 
tential asparagine-linked glycosylation sites are present. Therefore, the human H 
locus is an a (1,2) fucosyltransferase. 

The human Se locus is a 332 or 343 amino acid-long polypeptide, which shares 
68 % of the amino acid sequence identity with the COOH-terminal 292 residues of 
the human H blood group a (1,2) fucosyltransferase [79]. The molecular structure 
is composed of a cytosolic domain with 3 or 14 residues, a 14 residue hydrophobic 
membrane domain, and a 315 amino acid-long COOH-terminal domain, which is 
located in the Golgi lumen. There are three potential asparagine-linked glycosyla¬ 
tion sites [80, 81]. 

5.3.2 

Rh Blood Group 

The Rh (Rhesus) blood group antigens were initially identified by Landsteiner and 
Wiener in 1940 in the antisera of immunized guinea pigs and rabbits with red cells 
taken from Macaca rhesus monkeys [20, 68, 82, 83]. The human alloantibody is 
called Rh, and the heteroantibody is called LW (Table 5.1). RH and LWare antigenic 
systems determined by distinct gene complexes, which are located on chromo¬ 
somes 1 and 19, respectively. LW and the Rh antigen complex associate in the 
membrane, and LW expression requires Rh polypeptide expression. A third anti¬ 
gen, Rh50, is also important for normal expression of the Rh, LW, and glycophorin 
molecules. 

The incidence of Rh positive is approximately 85 % in whites, and strikingly 
99.5 % in the Japanese population. About 15 % of Caucasians and 0.5 % of Japanese 
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are Rh negative. One main determinant of the Rh antigen system is the RhD anti¬ 
gen. Therefore, Rh positive individuals demonstrate the RhD antigen, whereas the 
Rh negative ones do not express the RhD antigen. In the Rh blood group system, 
other antigens, that is, the C/c and E/e antigen group, are known [84]. Their expres¬ 
sion is determined by a second locus linked extremely tightly to the locus that de¬ 
termines D antigen expression [82, 83]. 

There are eight common Rh gene complexes considering D, C, c, E, and e alleles. 
The d antigen does not exist, because there is no product of the hypothetical d al¬ 
lele of the D gene. 

The C/c and E/e antigens correspond to a single, non-glycosylated, 417 amino 
acid-long (33 100 Da) polypeptide (RhCE) with 12 membrane spanning domains, 
encoded by the RHCE gene. The RHCE gene is composed of 10 exons in 70 kb of 
genomic DNA. 

The D antigen corresponds to a distinct non-glycosylated, 417 amino acid-long 
(33, 100 Da) protein (RhD), which is encoded by the RHD gene. This RhD protein 
shares 90 % of the identity of the amino acid sequence with the RhCE protein, and 
also demonstrates a 12 membrane spanning domain [85]. The RHD and the RHCE 
genes are closely linked on human chromosome lp34—p36. 

Considering the Rh antigen system, there is a third polypeptide (Rh50), which is a 
409 amino acid-long glycoprotein. This peptide is approximately 36 % identical with 
amino acid sequences of RhD and RhCE, which are also known as the Rh30 poly¬ 
peptides [86]. This Rh50 peptide has a 12 membrane-spanning domain, and is en¬ 
coded by the RH50 gene, which is located on human chromosome 6pll—p21.1. The 
RH50 gene exhibits 10 exons and 32 kb of its size, closely resembling those of the 
RHD and RHCE genes [87, 88]. Although the Rh50 protein does not itself express 
Rh antigens, it interacts with the Rh30 polypeptides (RhD and RhCE) in the mem¬ 
brane, and is required to form a heterotetrameric complex, two molecules of Rh50 
and one molecule each of RhD and RhCE, which is essential to normal cell surface 
expression of the Rh30 (RhD and RhCE)-encoded Rh antigens. 

The RhD and RhCE polypeptides are modified by fatty acylation and are also pal- 
mitylated through a thiolester linkage to free sulfhydryl groups on cysteine resi¬ 
dues within a consensus tripeptide (Cys-Leu-Pro) in the molecules of the RhD 
and RhCE. Reactivity of Rh antigens is also regulated by the lipid composition 
of the membrane in situ. Therefore, alteration of the membrane lipid concentration 
could induce conformational changes of the Rh peptides. It is also known that the 
Rh polypeptides interact with the red cell membrane skeleton. 

It has recently been shown that protein 4.2-deficient red cells lack CD47 impli¬ 
cating an interaction between the Rh complex and the band 3 complex [89]. 

5.3.3 

P Blood Group 

The P antigens (ISBT No.003: P/PI) are present exclusively on red cell membrane- 
associated glycosphingolipids [20, 68, 90, 91]. P molecules are produced from lac- 
tosyl ceramide by the sequential processing of a series of distinct glycosyltrans- 
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ferases (Table 5.1). Two distinct pathways have been proposed for the biosynthesis 
of the P antigen molecule via the step of the P K antigen as a precursor, even though 
so little is known about the corresponding enzymes and genes. 

The most common phenotype (Pj) demonstrates full activity, and its frequency is 
approximately 75%. The other most common phenotype is P 2 with a frequency 
25 %. Three rare phenotypes have been described: (1) the P k phenotype, which is 
deficient in P transferase activity, (2) the P 2 phenotype, which is homozygous for 
null alleles at the P transferase and the P 1 transferase loci, and (3) the p phenotype, 
which is deficient in all three P antigens (P, Pj, and P k ). 

Functions of the P blood group system remain unknown. 

5.3.4 

Lutheran Blood Group 

In the Lutheran blood group system (ISBT No.005: Lutheran/LU), four major phe¬ 
notypes are present [20, 68]. Approximately 90% of normal subjects demonstrates 
Lu (a—b+), or LU: —1, 2 (ISBT phenotype). Others are Lu (a+b+); LU: 1, 2, Lu 
(a+b—); LU: 1, —2, and Lu (a—b—); LU: O, which displays no detectable Lutheran 
antigenic activity (Table 5.1). In blood, the Lutheran blood group proteins are re¬ 
stricted in their expression to red cells and to B lymphocytes. 

The Lutheran antigens are expressed on a pair of membrane glycoproteins with 
molecular weights of 78 000 and 83 000. The Lutheran blood group antigens are a 
597 amino acid-long type 1 transmembrane protein. The extracellular domain con¬ 
tains five potential N-glycosylation sites and five peptide segments that share a pri¬ 
mary sequence similarity with members of the immunoglobulin superfamily [92]. 

Its structural organization is similar to MUC18 (the melanoma-associated, mucin¬ 
like protein) and related neural cell adhesion molecules. A single membrane-span¬ 
ning segment is followed by a 59 amino acid-long intracellular segment, in which 
an Src homology 3 domain is present. 

The Lutheran blood group gene ( LU) yields a pair of alternately spliced tran¬ 
scripts, producing two molecular weight isoforms of the protein that differ in 
their lengths of the cytosolic domains. One isoform of the Lutheran polypeptide 
is identical to a B-CAM (a basal cell carcinoma/epithelial cancer adhesion mole¬ 
cule). The Lutheran blood group gene corresponds to a 12.5 kb gene with 15 
exons [93, 94]. There are several nucleotide polymorphisms in exon 3 at base 
pair 229 of the coding sequence. In the Lutheran (a+b—) phenotype, the nucleotide 
A at this position contributes to a histidine codon corresponding to residue 77 of 
the Lutheran polypeptide. In the (a—b+) phenotype, the nucleotide at this position 
is G corresponding to an arginine codon at residue 77 of the peptide. 

5.3.5 

Kell Blood Group 

Although many human blood group alloantigens have been discovered, the KEL1 
antigen of the Kell blood group system (ISBT No.006: Kell/KEL) is highly immu- 
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nogenic, behind the RhD antigen, which is the strongest in its immunogenicity 
[20, 68, 95, 96]. Anti-KELl antibodies account for approximately two-thirds of 
non-Rh immune red cell alloantibodies. There are approximately 5000 Kell deter¬ 
minants per red cell (Table 5.1). 

The Kell protein is a 732 amino acid-long 83 000 Da polypeptide. This is a type 1 
transmembrane protein with a cytosolic NH 2 -terminal segment, a single hydropho¬ 
bic membrane-spanning segment, and a large COOH-terminal extracellular do¬ 
main [95, 96]. Six potential asparagine-linked glycosylation sites and 15 cysteine re¬ 
sidues are present in the extracellular domain. This protein demonstrates two hep- 
tad arrays of leucine residues, with clustered cysteine residues, in a leucine zipper 
motif that may be involved in protein/protein interactions. There is a primary se¬ 
quence similarity of the Kell glycoprotein with the neprilysin family of zinc-bind¬ 
ing neutral endopeptidases such as bradykinin, neurotensin, enkephalin, oxytocin, 
and angiotensins I and II. 

Biochemically, the monospecific anti-Kell antibodies precipitate immunologically 
a single 93 000 Da red cell membrane protein with two different Kell epitopes. This 
polypeptide exists as part of a large complex (from 115 X 10 3 Da to 200 X 10 3 Da in 
size) under non-reducing conditions. The Kell glycoprotein appears to exist as a 
homodimer in the membrane. 

5.3.6 

Lewis Blood Group 

The Lewis antigens (ISBT No.007: Lewis/LE) expressed in red cells are unique, be¬ 
cause these antigens themselves are not synthesized by erythroid precursors. These 
antigens are Lewis-active glycosphingolipid molecules basically present in plasma, 
and are adsorbed by the red cell membrane through an apparently passive process 
[ 20 , 68 ]. 

Two forms of the Lewis antigens (Le a and Le b ) are known as complexes with 
low- and high-density lipoproteins, and also as aqueous dispersions in the 
plasma (Table 5.1). There are approximately 4.5—7.3 X 10 3 Le a molecules per 
red cell. The molecule associates with red cell membranes through the ceramide 
moiety. 

The Lewis antigens are absent in red cells of newborns, and appear approxi¬ 
mately 10 days after birth. The full activity of the Lewis antigens (Le a ) in red 
cells is established at approximately 24 months of age. 

The Le a and Le b antigens are synthesized by two distinct fucosyltransferases 
under the control of the Le blood group gene and the Se blood group gene. The 
Le gene corresponds to an a (1, 3/1, 4) fucosyltransferase gene which is an Fuc- 
TIII or FUT3 gene [69, 70, 80]. The enzyme encoded by this gene can use oligo¬ 
saccharide precursors, including unsubstituted type 1 oligosaccharide precursors, 
to produce the Le a antigen, and type 1 H antigens to generate Le b antigens. Le 
gene-dependent expression of Le a and Le b molecules is identified at the epithelia 
lining the respiratory tract, urinary tract, digestive tract, salivary glands, and 
bile ducts [69, 70, 73, 80], These tissues correspond to the tissue types capable of 
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expression of type 1 H molecules, the synthesis of which is determined by the Se 
locus. 

a (1,3/1,4) Fucosyltransferase (FUT3) is a 363 amino acid-long type II transmem¬ 
brane glycoprotein, which is composed of a 15 amino acid-long N FI 2 -terminal cy¬ 
tosolic segment, a 19 residue transmembrane segment, and a 320 amino acid-long 
COOH-terminal catalytic segment, which is located in the Golgi apparatus. The en¬ 
zyme produces several types of a (1,3) — and a (1,4) fucosylated oligosaccharides, 
which are Le a , Le b , Le x , and Le y molecules, and sialylated forms of the Le a and Le x 
antigens. The FUT3 gene, as a member of an a (1,3) fucosyltransferase gene 
family, is located on chromosome 19pl3.3. 

The Lewis a (1,3/1,4) fucosyltransferase can use the oligosaccharide products 
formed by the Se-determined a (1,2) fucosyltransferase. In addition, the Se and 
Le fucosyltransferases are expressed in many of the same tissues. Therefore, the 
genotype at these two genes determines which of the Lewis-active oligosaccharide 
molecules is constructed. In secretor-positive subjects, type 1 oligosaccharide pre¬ 
cursors are first converted into type 1 H molecules, which become substrates for 
the Lewis locus-encoded a (1,3/1,4) fucosyltransferase [70, 80]. This enzyme con¬ 
verts these into Le b -active molecules: that is, an Le (a—b+) phenotype. On the 
other hand, in non-secretors, type 1 H antigens cannot be produced in secretory 
epithelia. Thus, these unsubstituted type 1 molecules are converted into Le a -active 
oligosaccharides by the Le-encoded a (1,3/1,4) fucosyltransferase: that is an Le 
(a+b—) phenotype. In homozygotes for null alleles at the Le gene, the phenotype 
should be Le (a—b—). In this case, two possibilities exist. In Lewis-negative and 
secretor-positive subjects, type 1 H determinants produced remain unconverted 
into Le b antigens. In Lewis-negative, secretor-negative subjects, the type 1 precur¬ 
sors remain unsubstituted by either blood group fucosyltransferase. 

5.3.7 

Duffy Blood Group 

There are two major alleles in the Duffy blood group system (ISBT No.008: Duffy/ 

FY), that is, Fy a and Fy h with virtually equivalent frequencies (Table 5.1). Other al¬ 
leles are Fy x with a weakly reactive form of Fy b , Fy of a null allele, which produces 
no antigenic activities of Fy a and Fy b [20, 68, 97]. 

The Duffy antigen is a 338 amino acid-long polypeptide with seven membrane- 
spanning segments. The Fy a and Fy b antigens are localized on a glycoprotein with a 
molecular weight of from 38 X 10 3 to 90 X 10 3 Da. A significant amount of this 
molecule corresponds to asparagine-linked oligosaccharides, which demonstrate 
the heterogeneous migration properties in its native condition. The Fy a and Fy h al¬ 
leles differ only by a single amino acid substitution at codon 44: a glycine for the 
Fy a antigen, and aspartic acid for the Fy b antigen. 

Functionally, this protein corresponds to the red cell chemokine receptor, known 
as DARC (Duffy antigen receptor for chemokines). DARC removes excessive che- 
mokines from the blood and tissues. In the homozygotes for the Fy allele, DARC 
expression in the bone marrow is defective, in spite of the normal expression of 
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DARC in the extra-marrow tissues. This polymorphism in the tissue-specific 
expression of DARC is accounted for by a single base pair difference between 
the Fy allele and the Fy a or Fy h alleles [98, 99]. The sequence change is located 
in the promoter region of the DARC gene, and in the Fy allele, leading to the 
disruption of a binding site for the erythroid lineage-specific transcription factor 
GATA-1. 

Duffy antigens are important for the invasion of human red cells by plasmodium 
vivax. Successful invasion of the merozoite into the red cells requires the subse¬ 
quent formation of a junction between the apex of the merozoite and the red 
cells. Formation of this junction and penetration of the merozoite into the red 
cells only occur on Duffy-positive red cells [100]. 

5.3.8 

Kidd Blood Group 

The Kidd antigen of the Kidd blood group system (ISBT No.009: Kidd/Jk) is a 
46 000 to 60 000 Da protein [20, 68]. There are approximately 14 000 Kidd mole¬ 
cules in the red cells (Table 5.1). Two antigens (Jk a and Jk b ) are expressed in 
their virtually equal gene frequencies, that is, 0.514 for the JLC allele and 0.486 
for the JK i ’ allele. A single amino acid substitution accounts for the polymorphism 
in the Kidd blood group system, that is, Asp at codon 280 of the Kidd gene for Jk a , 
and Asn at the same codon for Jk b , respectively. Approximately half of normal in¬ 
dividuals express the Jk (a+b+) phenotype in the red cells, owing to the genotype 
Jk a Jk h . A quarter of individuals (26 % or 24 %) exhibit the Jk(a+b—) phenotype due 
to the genotype Jk“Jk a , or the Jk (a—b+) phenotype due to the genotype Jk b Jk b , 
respectively The Jk (a—b—) phenotype is rarely observed. The gene mutation of 
aberrant splicing in the Kidd gene leads to the Kidd null phenotype. 

It has been shown that the primary sequence of a human red cell urea trans¬ 
porter corresponds to the Kidd antigen [101]. 

5.3.9 

LW Blood Group 

There are two major allelic antigens with the LW blood group (ISBT No.016: Land- 
steiner-Weiner/LW), that is, LW 3 and LW b [20, 68, 102]. The LW 3 antigen predomi¬ 
nates and the LW b antigen is detected in less than 1 % of the total population (Table 
5.1). The two alleles yield the common phenotype LW (a+b—), the much less com¬ 
mon phenotypes LW (a—b+) and LW (a+b+), and the rare phenotype LW (a—b—), 
which is homozygous for null alleles at the LW locus. Expression of the LW poly¬ 
peptides is dependent on expression of the Rh polypeptides. There are approxi¬ 
mately 4400 LW molecules per red cell. 

The LW antigen corresponds to a 42 kDa red cell glycoprotein with a deglycosy- 
lated molecular mass of 25 000 Da. The COOH-terminal region of the LW glyco¬ 
protein is present at the surface of the red cells. Two structurally distinct LW pro¬ 
teins are present. The first one is a type I transmembrane protein with a short 
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cytoplasmic tail. Another one is a molecule without the membrane-spanning and 
cytoplasmic regions of the first longer form. The LW antigens are also one of the 
ICAM (the intracellular adhesion molecule) family, such as ICAM-4 [103]. This 
protein shares approximately 30% of the same identity of the protein sequence 
with other members (ICAMs-1, 2, and 3). 

The LW gene corresponds to three exons of 2.65 kb on human chromosome 19 
[104]. The IW“ and LW* alleles are different at a single base pair, in a codon 70 cor¬ 
responding to one amino acid residue, that is, glutamine for LW 3 , and arginine for 
LW b . One LW null allele is known with a 10 base pair deletion, resulting in a trun¬ 
cated protein at a position proximal to its transmembrane and cytosolic regions. 

5.3.10 

li Blood Group 

The commonly expressed antigen of the Ii blood group system is denoted I, and its 
absence is called i [20, 68, 105, 106] (Table 5.1). The Ii antigens are carbohydrate 
molecules. I activity corresponds to branched oligosaccharide structure formed 
by an N-acetylgalactosamine unit attached in pi,6 linkage to a galactose residue 
within linear lactosamine polymers, whereas molecules with i reactivity correspond 
to oligosaccharide chains containing at least two repeating N-acetylgalactosamine 
units. It is known that oligosaccharide chains in neonatal red cells are unbranched, 
and that those in adult red cells are branched. 

Red cell expression of the Ii blood group system is developmentally regulated. I 
determinants are deficient in embryonic, and cord red cells, which are highly reac¬ 
tive with anti-i antibodies. During the first 18 months after birth, this relationship 
is reversed to yield red cells with increased anti-I reactivity and diminished i reac¬ 
tivity, which is usually observed in adult red cells. This phenomenon corresponds 
to the fact that the increase in the I reactivity and the decrease in the i reactivity 
during early infancy are associated with the elaboration and display of increasing 
numbers of pi,6-linked lactosamine units. I reactivity is determined by a locus en¬ 
coding an N-acetylglucosaminyltransferase that is expressed in a developmentally 
regulated fashion. 

The functions of the Ii blood group system are yet to be defined. 

5.3.11 

The Diego and Wright Blood Group Antigens on Band 3 

Band 3 (anion exchanger 1: AE1) in red cells demonstrates several polymorphic 
peptide epitopes. The two major ones are the Diego blood group system (ISBT 
No.010: Diego/DI) and the Wright blood group system [20, 68] (Table 5.1). 

The Diego ( Di a ) allele occurs relatively frequently in the Japanese population, but 
is rare in Caucasians. There are two Diego antigens, i. e., Di 3 and Di b . The Di 3 anti¬ 
gens correspond to a proline at position 854 of the 911 amino acid-long glycopro¬ 
tein (band 3), whereas the Di b antigens correspond to a leucine residue at the same 
position 854 of this molecule [107]. 


104 | 5.4 Glycosyl Phoshatidylinositol (GPI) Anchor Proteins 

The Wright alleles correspond to the antigens Wr a and Wr b . The frequency of the 
Wr“ allele is rare, but the W? allele is fairly prevalent. The Wr a antigens correspond 
to a lysine residue at codon 658 of the AE1 gene, and the Wr b antigens to a gluta¬ 
mine residue at the same codon 658, respectively [108]. Wr b expression is sup¬ 
pressed in glycophorin A deficiency. 

Seven minor antigens are present on band 3, these are: Waldner (Wa a ), Redelber- 
ger (Rb a ), Traversu (Tr a ), Wulfsberg (Wu), Moen (Mo a ), ELO, and Warrior (WARR). 
Amino acid substitutions at codon 552 (Thr —> lie), and at codon 565 (Gly —> Ala) 
of the band 3 gene are known as WARR and Wu, respectively. Similarly, amino acid 
substitutions at codon 432 (Arg —> Trp), at codon 548 (Pro —» Leu), at codon 551 
(Lys —> Asn), and at codon 557 (Val —> Met) correspond to ELO, Rb a , Tr a , and 
Wd a antigens, respectively. 

5.3.12 

Other Minor Blood Group Antigens 

The Chido (Ch) blood group system and the Rodgers (Rg) blood group system are 
known to be complementary-associated blood group antigens (Table 5.1). 

The decay-accelerating factor (DAF) is one of the complementary regulatory pro¬ 
teins associated with red cell membranes as a glycosylphosphatidylinositol (GPI)- 
anchor protein. DAF-associated antigens are termed Cromer (Cr)-related antigens. 
The rare Inab phenotype corresponds to a total deficiency in the Cromer-related 
antigens (Table 5.1). 

The Knops (Kn a ) antigens in red cell membranes are expressed by the comple¬ 
mentary receptor 1 protein (CR 1) (Table 5.1). 

The Cartwright (Yt a and Yt b ) blood group system is associated with acetylcholin¬ 
esterase in red cells, which is also a GPI-anchor protein. The type III red cells of 
paroxysmal nocturnal hemoglobinuria is deficient in acetylcholinesterase activity, 
demonstrating the Cartwright null phenotype (Table 5.1). 

The Indian (In a and In b ) antigens are expressed on CD44, which is the red cell 
isoform of the hyaluronan-binding protein (Table 5.1). 

The Colton (Co a and Co b ) blood group antigens are carried on an aquaporin-1, 
which is a red cell glycoprotein (Table 5.1). 

The physiological relevance of these antigens remains to be clarified [20, 64, 68]. 


5.4 

Glycosyl Phoshatidylinositol (GPI) Anchor Proteins 

Glycosylphosphatidylinositol (GPI) anchor proteins are proteins with complex gly- 
colipid structures, which are highly conserved in all eukaryotic cells [109—111]. The 
common core region consists of a molecule of phosphatidylinositol (PI) to which 
are attached four sugars, that is, one molecule of N-glucosamine and three mole¬ 
cules of mannose (Fig. 5.5). The last mannose is attached to the carboxyl end of the 
protein through phosphoethanolamine. A palmitoyl residue is added to the inositol 
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but may later be removed. The N-glucosamine is derived from the N-acetylglucos- 
amine that is added and then deacetylated. The mannose residue is derived from 
dolichyl phosphoryl mannose. 

GPI anchor biosynthesis starts on the cytoplasmic side of the rough endoplasmic 
reticulum [112]. N-Acetylglucosamine is transferred to a phosphatidylinositol ac¬ 
ceptor. This product is deacetylated to form glucosamidyl phosphatidylinositol. 

The first mannose is derived from dolichol phosphoryl mannose, as described 
above. The phosphoethanolamine is added. Addition of the GPI anchor precursor 
to the carboxy-terminus of the protein occurs on the luminal side of the endoplas¬ 
mic reticulum, after amino acid residues 17 to 31 have been cleaved from the pro¬ 
tein. When the synthesis of the anchor is completed, it proceeds through the Golgi 
apparatus and on the membrane surface. 

There are many membrane proteins which are related to GPI-anchor proteins, 
such as: (1) enzymes; acetylcholinesterase and leukocyte alkaline phosphatase, 

(2) complementary defense proteins; decay accelerating factor (DAF and CD55), 
a membrane inhibitor of reactive lysis (MIRL, CD59, protectin), and C8-binding 
protein (homologous restriction factor), (3) immunologic proteins; Fey receptor 
Ilia, lymphocyte function-associated antigen-3 (LFA-3, CD58), endotoxin-binding 
protein receptor (CD14), and CD W 52 (Campath-1), (4) receptors; urokinase (plas¬ 
minogen activator) receptor, and folate receptor, and (5) granulocyte proteins of 
unknown function; CD14, CD48, CD66, and Dombrock-Holley/Gregory-bearing 
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Figure 5.5 Biosynthetic pathway of glycosyl phosphatidylinositol (GPI)-anchoring proteins (A), 
and the molecular structure of the PIG-A gene (B). 
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protein. It is known that these proteins are missing from the blood cells in par¬ 
oxysmal nocturnal hemoglobinuria (PNH), in which PNH blood cells are unable 
to synthesize the mature GPI anchor precursors. In lymphoblastoid cells of 
PNH, the block always occurs at the step when N-acetylglucosamine is transferred 
from UDP-N-acetylglucosamine to phosphatidylinositol. This is the first step of the 
pathway and is catalyzed by the al,6-N-acetylglucosaminyltransferase, which is an 
enzyne complex formed by four gene products, i. e., PIGA, PIGC, PIGH, and 
hGPl [113]. Of these, the PIGA gene has been identified as pathognomonic for 
PNH [114]. The PIGA (phosphatidylinositol glycan complementation group A) 
gene consists of six exons and encodes a putative protein of 484 amino acids 
(approximately 60 kDa). This gene is located on chromosome Xp22.1. Many 
mutations of this gene have been reported in PNH patients. Recent advances on 
PNH and related disorders have recently been reviewed in detail [115]. 
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6 

Anchoring Proteins 


6.1 

Ankyrin 

6 . 1.1 

Introduction 

Ankyrin is one of the major proteins of human red cells, making up approximately 
5% of the total membrane proteins [1—3]. Ankyrin is a large, 206 kDa sulfhydryl- 
rich protein with a molecular size of 8.3 X 10 nm. It is present at a level of 120 X 
10 3 copies per cell (Tables 1.1 and 1.2). 

Functionally, ankyrin is connected with p-spectrin through a high affinity linkage 
(K^: ~10 7 M), and with the cytoplasmic domain of band 3, which also has a high 
affinity linkage (K d : ~1CT 7 to 10 -8 M) [4, 5]. Ankyrin is a polar protein, and is in¬ 
volved in the local segregation of integral membrane proteins. The polarization of 
membrane proteins appears to be produced by the relative affinities of the various 
isoforms of ankyrins for target membrane proteins. These ankyrin isoforms appear 
to be expressed through tissue-specific, developmentally-regulated control [6—10], 
as discussed below. 

6 . 1.2 

Structure of Red Cell Ankyrin 

Ankyrin is composed of three domains [6, 7, 11—13]: (1) a membrane (band 3)- 
binding domain (89 kDa) at its NH 2 -terminal (amino acids 2 to 827), (2) a spectrin 
binding domain (62 kDa) at the central part of the molecule (amino acids 828 to 
1382), and (3) a regulatory domain (55 kDa) at its COOH-terminal (amino acids 
1383 to 1881) (Fig. 6.1). The NH 2 -terminal band 3-binding domain is basic, the 
central spectrin-binding domain is neutral, but heavily phosphorylated, and the 
COOH-terminal regulatory domain is highly acidic. 
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Figure 6.1 Structure of red cell ankyrin. Protein domain structure of erythroid ankyrin and its 
binding sites are shown schematically. Genetic basis of ankyrin 2.1 and 2.2 is also shown at the 
lower-right. 


6.1.2.1 Membrane (Band 3)-Binding Domain of Ankyrin 

This 89 kDa domain, which is at the NH 2 -terminal portion of the ankyrin mole¬ 
cule, is almost entirely composed of 24 consecutive 33 amino acid tandem repeats 
(so-called “cdc 10/ankyrin repeats", or “ankyrin repeats”)), which are subdivided 
into six repeat folding units [12, 13]. These repeats are fairly similar to each other. 

Binding sites for band 3 and at least six other types of integral membrane proteins 
are present in this domain. Repeats 7 through 12 (folding unit 2) and especially 
repeat 13 through 24 (folding units 3 and 4) form two distinct but cooperating bind¬ 
ing sites for band 3. These two binding sites of ankyrin for band 3 are able to interact 
with four band 3 molecules, because normally band 3 is present in a dimeric form on 
the membrane. This binding of ankyrin to band 3 appears to be critical for main¬ 
taining the normal integrity of membrane functions, especially membrane stability, 
because selective disruption of the ankyrin/band 3 interaction in intact red cells, 
which are placed at a slightly alkaline pH, decreases membrane stability markedly. 

The 15 out of 33 amino acids in the ankyrin repeats are highly conserved. Their 
conserved sequence is “-G-TPLH-AA-GH—V(or A)-LL-GA-N(or D)— ”. L-shaped 
structures of the ankyrin repeats are composed of a pair of a-helices that form an 
antiparallel coiled-configuration, which is followed by an extended loop perpendic¬ 
ular to the helices and a P-hairpin [8, 14—19]. Very similar repeats have commonly 
been found in various proteins, in all phyla. Therefore, the ankyrin repeats appear 
to have been propagated as one of the versatile modules for specific ligands during 
evolution. 


6.1.2.2 Spectrin-Binding Domain of Ankyrin 

This spectrin-binding domain is also known as the central domain, and was pre¬ 
viously known as the 62 kDa domain. The spectrin-binding sites are located in 
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the beginning and middle regions of this domain. The site in the middle portion is 
highly conserved and appears to be the principal area of binding [20]. These re¬ 
gions are found to be those near the end of the [3-spectrin molecule (repeats 15 
and 16) which are involved in dimer—tetramer self-association [21]. Although 
two binding sites for spectrin are available in the ankyrin molecule, each spectrin 
tetramer appears to bind only one ankyrin molecule, probably because ankyrin is 
able to bind to the spectrin tetramer approximately ten-fold more strongly than to 
the spectrin dimer. 


6.1.2.3 Regulatory Domain of Ankyrin 

This domain (55 kDa) is at the COOH-terminal region of the ankyrin molecule, 
and is known to contain regulatory sequences that enhance or reduce the extent 
of interaction of ankyrin with spectrin and band 3. Ankyrin binds to the COOH- 
terminal region of the (3-spectrin with its 55 kDa domain and to the cytoplasmic 
tail of band 3 via repeated sequences in the NH 2 -terminal 89 kDa domain. The reg¬ 
ulatory domain consists of multiple isoforms of different sizes and functions, 
which are produced by alternative splicing [8, 9]. One of these distinct isoforms 
is ankyrin 2.2, which lacks the acidic 162 amino acid sequence from exon 38, 
which is found in full-sized ankyrin (protein 2.1) [6]. This protein 2.2 (the smaller 
isoform: ankyrin 2.2) is an activated ankyrin, and enhances ankyrin binding to 
band 3 and spectrin. Use of alternative promoters has recently been shown to 
produce a muscle-specific, truncated isoform of ANK 1 [9]. 

Many alternatively spliced isoforms of ankyrin at the three COOH-terminal exons 
are known, these are isoforms lacking: (1) exons 38 and 39, (2) exons 36 through 39, 
and (3) exons 36 through 41. The COOH-terminal exons are highly conserved [8]. 

6.1.3 

Functions of Ankyrin 

The major function of ankyrin lies in its binding to |3-spectrin and band 3 [22]. 
These bindings create a tight association between spectrin and band 3, but the 
strength of binding can be modified by the extent of phosphorylation [23]. The 
presence of seven phosphorylation sites have been proven in vitro for casein kinase 
I and cyclic AMP-independent protein kinase. Unphosphorylated ankyrin binds 
preferentially to spectrin tetramers and oligomers rather than to spectrin dimers, 
but phosphorylation removes this preference. Phosphorylation also reduces the ca¬ 
pacity of ankyrin to bind band 3. In addition, ankyrin is phosphorylated by protein 
kinase A. 

Stoichiometrically, one ankyrin molecule links each spectrin tetramer to the 
membrane. Since these binding interactions are cooperative, attachment of ankyrin 
to band 3 enhances greatly the ability of the molecule to organize the spectrin, to 
which it is attached, into tetramers. It is also true that spectrin binding enhances 
the affinity for band 3. Therefore, ankyrin plays a crucial role in the organization of 
the network. 
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6.1.4 

Erythroid and Nonerythroid Ankyrins 

Ankyrins are widely expressed, and several ankyrin gene families are known [2]. 
Red cell ankyrin (ankyrin R , or ANK 1) is expressed not only in red cells, but also 
in myocytes, endothelial cells, and brain (especially in Purkinje cells of the cerebel¬ 
lum) [6, 7]. The gene is located on 8pll. 2. Ankyrin B (ANK 2) is a neural form, and 
is present in neuronal cell bodies and dendrites [24, 25]. The gene is located on 
4q25—q27. Ankyrin G (ANK 3) is the most widely distributed, mostly in epithelia 
and axons, but also in megakaryocytes, macrophages, myocytes, melanocytes, he- 
patocytes, kidney cells, and testicular Leydig’s cells [26, 27]. Nonerythroid ankyrins 
interact with a variety of integral membrane proteins other than band 3 (AE1), 
such as Na + -, K + -ATPase [28—30], the voltage-dependent axonal Na + channel 
[31], the amiloride-sensitive epithelial channel [32], the cardiac Na + /Ca 2+ exchanger 
[33], H + -, K + -ATPase [34], the IP 3 receptor [35], CD44 [36], and a group of neuro- 
fascin-related brain adhesion molecules [37, 38]. Mice with targeted disruption of 
ANK 1 or ANK 3 exhibit neurological abnormalities, including Purkinje cell degen¬ 
eration and ataxia, and those with targeted disruption of ANK 2 also exhibit brain 
defects, but with more clear-cut abnormalities in brain development [39]. 


6.2 

Protein 4.2 

Red cell protein 4.2 (P4.2) is one of the major components of the red cell mem¬ 
brane skeletal network, which binds to the cytoplasmic domain of anion exchanger 
band 3 and interacts with ankyrin in red cells [40—43]. Patients with P4.2 defi¬ 
ciency in their red cell membranes suffer from congenital hemolytic anemia 
with microspherocytosis or other such disorders. This fact suggests that P4.2 
plays an important role in maintaining the stability and flexibility of red cells. 
P4.2 has been reviewed previously by two authors in 1993 [40], 1994 [41, 42] and 
recently in 2000 [43]. 

6 . 2.1 

Protein Chemistry of Protein 4.2 

Protein 4.2 is a membrane protein (Tables 1.1 and 1.2, Fig. 6.2) accounting for ap¬ 
proximately 5 % of the total membrane protein content and for 250 X 10 3 copies 
per red cell. It has a molecular weight of 72 kDa on SDS—PAGE [44, 45]. 

Extraction of protein 4.2 from red cell membranes is more difficult than for any 
of the other peripheral proteins, even under high and low ionic strength condi¬ 
tions. Therefore, strong basic conditions (pH 11 or above) have been used in com¬ 
bination with gel filtration with 1 M Kl-Sephacryl S-200 as the standard method for 
the extraction of protein 4.2. This procedure yields 1—2 mg of “type I” protein 4.2 
from 500 mL of whole blood with a purity of approximately 85 %. This protein is 
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Figure 6.2 Molecular structure of protein 4.2 and the genetic isoforms. A wild type of protein 4.2 
is shown at the second line from the top. Black solid boxes indicate constitutive coding exons, 
and shaded boxes show alternative coding exons. 


water-soluble, and is difficult to separate from residual ankyrin and protein 4.1. 
The use of other extraction methods with 10 to 20 mM lithium diiodosalicylate, 
6 mM 2,3-dimethylmaleic anhydride, 5 mM p-chloromercuribenzoic acid 
(pCMB), or 1 mM p-chloromercuribenzoic sulfate (pCMBS) have been reported. 
The non-ionic detergent Triton X-100 can also be used to extract protein 4.2 
from red cell membranes. Under these conditions, band 3 is co-extracted along 
with the portion of protein 4.2, suggesting an association of protein 4.2 with 
band 3 in red cell membranes in situ [44, 45]. 

An alternative method using 2 M Tris-HCl (pH 7.6) has also been used to extract 
protein 4.2 with a purity of greater than 97 %. However, this “type II” variety of 
protein 4.2 is less water-soluble and behaves like an integral protein. It has been 
speculated that its characteristic hydrophobicity is due to myristylation [46]. 

Protein 4.2 purified by the standard pH 11 method with 1 M Kl-Sephacryl S-200 
appears to be heterogeneous in size and probably primarily consists of a mixture of 
dimers and trimers. Electron microscopically, purified protein 4.2 appears as glob¬ 
ular particles with diameters in the range 80—150 A, and has been suggested as 
being tetrameric in situ in the membrane. 

Protein 4.2 in human red cell membranes is known to be myristylated [47] at a 
site near the N-terminus, as assayed by the release of myristoyl glycine from par¬ 
tially hydrolyzed protein 4.2. Glycine at the second position appears to be respon- 
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sible for this myristylation (N-myristoyl glycine). Further studies of its biological 
functions should be considered. 

It has also been reported that protein 4.2 is palmitoylated under physiological 
conditions [48]. After labeling of intact human red cells with [ 3 H] palmitic acid, 
radioactivity was found to be associated with protein 4.2 by immunoprecipitation 
of peripheral membrane proteins extracted at pH 11 from ghosts with anti-protein 

4.2 antibody. The fatty acid linked to protein 4.2 was identified as palmitic acid. 
Protein 4.2 could be depalmitoylated with hydroxylamine, suggesting a thioester 
linkage. Depalmitoylated protein 4.2 showed significantly decreased binding to 
protein 4.2-depleted membranes, as compared with native protein 4.2. Several 
red cell membrane proteins including ankyrin, band 3, p55, protein 4.1 and spec¬ 
trin were palmitoylated. Fatty acid acylation of proteins confers an extra hydropho¬ 
bic moiety on proteins, which promotes hydrophobic protein—membrane and pro¬ 
tein-protein interactions. Whereas control protein 4.2 showed a binding capacity 
of 280 mg per g of vesicle protein (band 3), depalmitoylated protein 4.2 showed a 
capacity of 108 mg per g of vesicle protein. Therefore, palmitoylation of protein 4.2 
appears to favor its interaction with band 3 in the membrane. 

To date, protein 4.2 has not been crystallized. Crystallography is thus expected to 
be performed in the future. 

6 . 2.2 

Functions of Protein 4.2 

The major functions of protein 4.2 are, in conjunction with other membrane pro¬ 
teins, topographically adjacent to it in situ in red cell membranes, especially band 3, 
ankyrin, spectrin, and protein 4.1. 


6.2.2.1 Binding Properties of Protein 4.2 

Interactions of protein 4.2 with band 3 When Triton X-100 extracts of red cell mem¬ 
branes were fractionated by ion exchange chromatography and non-denaturing gel 
electrophoresis, protein 4.2 was found with band 3 [44]. In addition, direct binding 
assays have indicated that an excess of the cytoplasmic domain of band 3 elimi¬ 
nated the normal (2—8 X 1CT 7 M) binding of purified protein 4.2 to red cell 
inside-out vesicles (IOV). The binding of protein 4.2 to the purified cytoplasmic do¬ 
main of band 3 usually takes from 6 to 20 h for complete saturation. Therefore, it 
has been hypothesized that re-binding of protein 4.2 to the membrane probably re¬ 
quires the formation of other types of associations apart from protein—protein 
contacts at the membrane—medium interface, perhaps the formation of protein 
4.2 or band 3 oligomers. Although the major binding site of protein 4.2 has 
been considered to be the cytoplasmic domain of band 3, no direct evidence has 
been found, because the state of self-association of purified protein 4.2 is heteroge¬ 
neous and the exact oligomeric state of band 3 in situ in membranes under the con¬ 
ditions of the binding assays is unknown. It has been tentatively estimated that the 
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stoichiometry of the protein 4.2 to band 3 interaction is approximately 1:3.9 on a 
monomer basis. 

One synthetic peptide of protein 4.2 (P8: L 61 FVRRGQPFTIILYF) was found to 
bind strongly to the cytoplasmic domain of band 3 [49]. Four other peptides 
(P22: L 271 LNKRRGSVPILRQW, P27: G 346 EGQRGRIWIFQTST, P41: L 55s 
WRKKLHLTLSANLE, and P48: I 661 HRERSYRFRSVWPE) bind less strongly. 
These peptides have in common a cluster of two or three basic amino acid residues 
(arginine or lysine) in a region with virtually no acidic residues. The cytoplasmic 
domain of band 3 bound in a saturated manner to P8 with a K d of 0.16 pM and 
a capacity of 0.56 mol of the cytoplasmic domain of band 3 monomer per mol 
of P8. Replacement of R S4 R with R 64 G, G 64 R or G 64 G almost completely abolishes 
the cytoplasmic domain of band 3 binding, suggesting that R 64 R is essential for its 
binding. P8 competitively inhibits binding of purified human red cell P4.2 to the 
cytoplasmic domain of band 3. 

Protein 4.2 can be found with band 3 and ankyrin in an immunoprecipitated 
complex, probably due to association of protein 4.2 with ankyrin and band 3 in 
situ [40]. A partial deficiency of band 3 has also been found to be accompanied 
by partial deficiency of protein 4.2 [43]. Furthermore, a cow with total band 3 defi¬ 
ciency and mice with the targeted band 3-knock-out gene clearly demonstrated a 
loss of protein 4.2 in their red cell membranes [43]. The rotational and lateral mo¬ 
bility of band 3 in red cell membranes from patients with protein 4.2 deficiency is 
substantially increased [50—52]. In our study with fluorescence recovery after use 
of the photobleaching method (FRAP), the immobile fraction of band 3, which con¬ 
stitutes about 60 % of the total in normal red cells, was totally absent in complete 
protein 4.2 deficiency. It is also interesting that, with complete deficiency of protein 
4.2, the number of intramembrane particles (IMP) has been found to be reduced 
with a shift to larger sizes, indicating the possibility of increased oligomerization of 
band 3 molecules in these red cells [53]. Heat treatment considerably enhanced this 
effect. The structural and functional characteristics of band 3 in these protein 4.2- 
deficient red cells appeared normal in terms of the cleavage pattern of band 3 frag¬ 
ments and the binding properties of band 3 to protein 4.2 or ankyrin. 

Interactions of protein 4.2 with ankyrin Considering the association of protein 4.2 
with ankyrin, it has been reported that protein 4.2 can bind to 0.65 mol of ankyrin 
per mol of protein 4.2 with a K d of from 1 to 3.5 X 10 7 M on the Scatchard plot in 
vitro [45]. However, this binding requires several hours to approach saturation in 
solution, and no conclusive evidence has yet been shown for an association of pro¬ 
tein 4.2 with ankyrin in the membrane in situ. It has also been shown that ankyrin 
can bind to the cytoplasmic domain of band 3 in IOV without protein 4.2, and that 
reassociation of ankyrin with IOV is unaffected even when protein 4.2 is removed 
from the IOV. 

In some hemolytic anemias, however, a partial deficiency of protein 4.2 has also 
been reported in ankyrin deficiencies [54]. Decreased protein 4.2 content has been 
noted in a mouse strain (nb/nb) with an ankyrin deficiency. In a protein 4.2 defi¬ 
ciency with the 142 Ala —» Thr point mutation, it was reported that ankyrin was par- 
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tially released from the patient’s red cell membranes upon preparation of IOV, sug¬ 
gesting that protein 4.2 might contribute to the stability of the membrane protein 
association. 

It has been shown that the red cell membranes of nb/nb mice, which were al¬ 
most completely deficient in full-length 210 kDa ankyrin due to a defect in the 
Ank-1 gene on mouse chromosome 8, were severely (up to 73%) deficient in pro¬ 
tein 4.2 content [55]. This deficiency of protein 4.2 in nb/nb homozygous mice was 
not the result of defective protein 4.2 synthesis. Reconstitution of nb/nb to inside- 
out vesicles with human red cell ankyrin restored ankyrin levels to up to 80 % of 
the normal levels and increased binding of exogenously added human red cell pro¬ 
tein 4.2 by approximately 60 %. These results suggest that ankyrin is required for 
normal associations of protein 4.2 with the red cell membrane. 

Interactions of protein 4.2 with spectrin Normal protein 4.2 has been shown to 
bind to spectrin in solution and to promote the binding of spectrin to ankyrin- 
stripped inside-out vesicles [51]. Two independent classes of binding sites of pro¬ 
tein 4.2 to spectrin have been identified: 1) a high-affinity (a binding coefficient: 
K d = 7.4 ± 0.2 X 10 -9 M _1 ), low-capacity (0.6 ± 0.8 X 10 -9 M IT 1 ) class of 
sites; and 2) a low-affinity (K d = 2.8 ± 2.0 X 1CT 7 M -1 ), high capacity (5.8 ± 1.0 
X 10~ 9 M IT 1 ) class of sites. It has been calculated that, at saturation, there is 
approximately one spectrin binding site per seven protein 4.2 molecules. There¬ 
fore, protein 4.2 provides low-affinity binding sites for both band 3 oligomers 
and spectrin dimers on the human red cell membrane. These observations suggest 
that protein 4.2 may stabilize skeleton—membrane interactions by providing 
a direct link between band 3 and spectrin. A spectrin-binding domain of human 
erythrocyte membrane protein 4.2 has recently been identified [56]. 

In a disease state, i. e., in red cells with total protein 4.2 deficiency and also in red 
cells of 4.2 _/ ~ mice, the cytoskeletal proteins (spectrins, ankyrin, and protein 4.1) 
are not deficient [41, 42, 57]. However, the cytoskeletal network in these protein 
4.2-deficient red cells appears to be less extended when studied by electron micro¬ 
scopy using the surface replica method and the quick-freeze deep-etching method 
[53]. Interestingly, the cytoskeletal network in these protein 4.2-deficient red cells 
becomes markedly disorganized, with the appearance of larger aggregates when 
heat-treated up to 48 °C [50]. Under these conditions, a marked decrease in red 
cell membrane deformability has been observed by ektacytometry. It should be 
noted that the spectrin and ankyrin contents were maintained as normal in 
these cells. Therefore, these abnormalities appear to be independent of spectrin 
and ankyrin per se, and due to the lack of protein 4.2. These results raise the pos¬ 
sibility that protein 4.2 may play a role in connecting the cytoskeletal network to 
integral proteins (especially band 3) as a type of anchoring protein. 

Interaction of protein 4.2 with protein 4.1 As to a possible association of protein 4.2 
with protein 4.1, it has been reported that protein 4.1 may interact with protein 4.2 
in solution, suggesting the masking of the binding domains of these proteins 
when they are present together in solution [45]. Protein 4.2, protein 4.1 and 
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ankyrin binding are partially inhibited (about 50%) by the presence of these 
proteins. 

The protein 4.1 and protein 4.2 binding sites are localized at the nearby sites on 
the cytoplasmic domain of band 3. It is possible that, in the absence of protein 4.2, 
additional binding sites for protein 4.1 on band 3 may be exposed. The content of 
protein 4.1, however, remains nearly normal both in human red cells when there is 
a total deficiency of protein 4.2 and in 4.2 _/ ~ mouse red cells [41, 42, 57]. 

It is also worth noting that the content of protein 4.2 appears to be normal in 
mice with a complete deficiency of all protein 4.1 R isoforms, which had beeen 
generated by gene knock-out technology [58]. 


6.2.2.2 Transglutaminase Activity of Protein 4.2 

Protein 4.2 in human red cells has no transglutaminase activity, although the 
homology in the gene structure between protein 4.2 and transglutaminase is 
high (i. e., an overall identity of 32% in a 446 amino-acid overlap with guinea- 
pig liver transglutaminase, and of 27 % in a 639 amino-acid overlap with human 
coagulation factor XIII subunit a) [59]. It has been speculated that the lack of trans¬ 
glutaminase activity may be due to the presence of an alanine substituted for the 
cysteine at the active site of the molecule. 


6.2.2.3 Phosphorylation of Protein 4.2 

Although phosphorylation has not been observed on protein 4.2 extracted from ma¬ 
ture human red cells, protein 4.2 can be phosphorylated, if it is purified by meth¬ 
ods that result in exposing phosphorylation sites through alteration of protein 4.2 
sulfhydryl groups [40, 46]. Seventeen potential phosphorylation sites have been ac¬ 
tivated in red cell ghosts, i. e., eight possible protein kinase C sites, seven casein 
kinase II sites, one tyrosine kinase site, and one cAMP- (or cGMP-) dependent ki¬ 
nase site [47]. It has been suggested that membrane-associated protein 4.2 in 
human mature red cells is already fully phosphorylated with little or no turnover 
under normal conditions. The physiological functions of such potential protein 
4.2 phosphorylation is unknown. 

The activities of the major red cell kinases have recently been determined to as¬ 
sess the phosphorylation status in red cells of 4.2 _/ ~ mice [57]. Cytosolic protein 
kinase C (PKC) was significantly decreased with decreased PKC-a and PKC-(31 iso¬ 
forms and normal PKC-P III in 4.2 _/ ~ red cells. Cytosolic protein kinase A (PKA) 
activity was increased in these red cells. Basal phosphorylation was increased and 
PMA-stimulated phosphorylation was reduced in 4.2 _/ ~ red cells. Cytosolic casein 
kinase I (CK I) activity was normal, but cytosolic CK II activity was decreased in 
these red cells. The functional significance of these activities remains to be clarified 
at some point in the future. 
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6.2.3 

Protein 4.2 in Red Cell Membrane Ultrastructure 

Although the localization of P4.2 in the red cell membrane structure has still not 
been elucidated in detail, there are several positive pieces of evidence. With a total 
deficiency of P4.2, it is now recognized that the intramembrane particles (IMPs) 
are clustered in the inside-out vesicles (IOVs) of the patient’s red cells [41, 50, 
53]. In addition, electron microscopic studies with the freeze fracture method 
have shown IMPs on the red cell ghosts to be enlarged, suggesting increased oli¬ 
gomerization of band 3 molecules. This phenomenon has been verified by bio¬ 
physical analyses [41—43, 53]. Furthermore, analyses with the quick-freeze deep¬ 
etching method or the surface replica method have shown the cytoskeletal network 
to be disrupted in this disorder [41—43, 53]. These results appear to indicate that 
P4.2 molecules are located near band 3 molecules and membrane proteins making 
up the cytoskeletal network. Biophysical analyses, especially with ektacytometry, 
have revealed the increased instability of the cytoskeletal network of the patient’s 
red cells. It has recently been proven that P4.2 can bind directly to spectrins 
[51], implying that P4.2 may play an important role as one of the anchoring pro¬ 
teins connecting the cytoskeletal network to the integral proteins (particularly 
band 3 molecules). 

The exact location of various membrane proteins in situ in the normal human 
red cell membrane ultrastructure has been studied by immnuno-electron micro¬ 
scopy with the surface replica method by utilizing antibodies against various mem¬ 
brane proteins: i. e., spectrins, ankyrin, band 3 (the cytoplasmic domain), protein 

4.1 and protein 4.2. At first, spectrins were readily detected as major constituents 
of the cytoskeletal network, and ankyrin and protein 4.1 were also identified on it. 
Band 3 molecules were found attached to the cytoskeletal network as an immobile 
form of band 3. Other band 3 molecules were located inside the basic units, as the 
mobile form of band 3. P4.2, however, could not be detected by this procedure, 
when the antibody-conjugated immunogold particles were applied to the open 
red cell ghosts, implying that the epitopes of P4.2 were not exposed. Therefore, 
normal red cell ghosts were subjected to gentle treatment with Triton X-100 to re¬ 
move part of the cytoskeletal network. P4.2 was then found to be attached predo¬ 
minantly to the cytoskeletal network. These results suggest that P4.2 is very likely 
to be present at the outer face of the cytoskeletal network and even under the lipid 
bilayer, and is attached to spectrins and band 3, as shown by biophysical studies 
[51]. 

6.2.4 

Protein 4.2 Gene 

6.2.4.1 Characteristics of Genomic DNA 

The human red cell protein 4.2 gene is ~20 kb in length and contains 13 exons 
and 12 introns [59—63]. The coding sequence from the genomic DNA is identical 
to the cDNA sequence. Nucleotide polymorphism has been observed in the normal 
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human protein 4.2 gene. The exons range in size from 104 to 314 base pairs with 
an average size of 170 base pairs, while the introns vary from 6.4 to 0.3 kb. All the 
exon—intron boundaries follow the consensus 5’ donor—3’ acceptor splice junction 
sequence for eukaryotic genes of gt-ag. The gene is localized at human chromo¬ 
some 15ql5—q21 [62, 63]. 

The upstream region of the protein 4.2 gene contains several elements that are 
similar in sequence to the upstream elements of the genes for (3-globin and por¬ 
phobilinogen deaminase, which are also red cell protein genes [59, 62]. The ele¬ 
ments are spaced a similar distance from the transcription start site and have simi¬ 
lar relative spacings and orders. These similarities have made it easier to identify 
five possible regulatory cis-elements in the protein 4.2 gene, starting —20 nucleo¬ 
tides upstream from the transcription start site, i. e.: (1) a possible TATA element, 

(2) a short G + C-rich domain, which could be an Spl binding site, (3) a possible 
CAAT box, (4) a CAAC box, and (5) two GF-1 binding domains, one at —23 to —28, 
and another one at —173 to —178 [59]. These findings suggest the use of common 
cis-elements in these three erythroid genes, although the identification of these ele¬ 
ments as having a regulatory function in protein 4.2 gene expression is highly 
speculative. It has also been reported [62] that the nucleotides upstream from 
the cDNA start site (nt 1) are: (1) CAGT (nt —4 to —1), agreeing well with the 
CA cap signal; (2) nucleotides —26 to —21 upstream from the cDNA start site hav¬ 
ing a sequence of ATAAAA, which agrees well in sequence and position with the 
promoter TATA box for eukaryotic genes; (3) a CCAT sequence was noted at nt —89 
to —86 within the reported —385 nt upstream sequence, where upstream promoter 
elements are located; (4) a GC-rich region from nt —85 to —34 (G/C to A/T ratio = 

3); (5) within this region, a sequence of CCCACCCC CTCCCCC containing a 
CACC element (nt —83 to —80) that is a potential binding site for the Spl nuclear 
factor; and (6) two AGATAA sequences for potential binding of erythroid-specific 
transcription factor GATA-1 (also known as GF-1, NF-E1, Eryf-1) located at nt 
—175 to —170 and at nt —28 to —23, respectively. The number of the 5’-CpG-3’ di¬ 
nucleotide sites appears to be small, unlike the |3-spectrin gene that has numerous 
5’-CpG-3’ sites known as the so-called “CpG islands” [64]. The 5’-CpG-3’ sites of 
the protein 4.2 gene were highly methylated, when genomic DNA was prepared 
from mononuclear cells in normal human peripheral blood. 

Alignment of the protein 4.2 amino acid sequence with that of a subunit of 
human coagulation factor XIII and division of the sequence into exons have re¬ 
vealed a remarkable correspondence, although the gene for the a subunit of 
human factor XIII, which is on chromosome 6p24—p25, is 160 kb and has 15 
exons and 14 introns, while the gene for protein 4.2 is only 20 kb and contains 
13 exons and 12 introns [59]. With only one exception, the exons of protein 4.2 
are very similar and in many cases identical in size to the exons of the a subunit 
of factor XIII with which they are paired. In additon, in every case, the correspond¬ 
ing intervening introns are of the same splice junction class. These and other sim¬ 
ilarities suggest that the gene for protein 4.2 is closely related to and possibly der¬ 
ived from that for the a subunit of factor XIII and that the proteins may share com¬ 
mon structural and functional properties. However, it should be noted that, despite 
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this close similarity, purified protein 4.2 has no transglutaminase activity in vitro, 
and that normal red cell membranes do not contain transglutaminase activity. 
The lack of protein 4.2 transglutaminase activity is induced by the substitution 
of the cysteine (GQCWVF) at the highly conserved consensus sequence in the 
transglutaminase, which is substituted for an alanine (GQAWVL) in protein 4.2. 
The cysteine appears to be required for transglutaminase activity. It is also possible 
that the substitution of a leucine for a phenylalanine may also be responsible for a 
loss of this activity. 

It has been shown that reticulocytes contain two forms of protein 4.2 mRNA, a 
small form (P4.2S) encoding a protein of 691 amino acids, and a larger form 
(P4.2L), which contains an additional 90 nucleotides following nucleotide +9, en¬ 
coding a protein of 721 amino acids [59, 62]. Protein 4.2 exon I contains a 5’ non¬ 
coding sequence, the translation start site, and 99 nucleotides encoding 33 amino 
acids. These 33 amino acids are identical to the first 33 amino acids of the larger 
protein 4.2 transcript. The last 90 nucleotides of exon I, coding for 30 amino acids, 
are removed by splicing in order to generate the smaller transcript, coding for the 
691 amino acid protein (a wild type of protein 4.2: 72 kDa on the SDS—PAGE). 

The genomic organization of the protein 4.2 gene of human red cells contains 13 
exons, i. e.: exon I, ut —33 residues; II, 34—95; III, 96—173; IV, 174—213; V, 
214-248; VI, 249-307; VII, 308-354; VIII, 355-388; IX, 389-469; X, 470-569; 
XI, 570—623; XII, 624—668; and XIII, 669—ut (ut, untranslated sequence) [59, 
60] (Fig. 6.2). The sizes of the introns were 6490 for intron 1, 900 for 2, 580 for 
3, 340 for 4, 940 for 5, 320 for 6, 740 for 7, 500 for 8, 390 for 9, 2560 for 10, 
2200 for 11, and 3080 for 12. 


6.2.4.2 cDNA of the Protein 4.2 Gene 

Protein 4.2 complimentary DNA (cDNA) obtained from a human reticulocyte 
cDNA library has been cloned and sequenced [60—62]. The full-length cDNA 
was 2.35 kb and contained an open reading frame with a 227—nt untranslated re¬ 
gion upstream from the putative ATG start codon. The calculated molecular weight 
was 76.9 kDa encoding 691 amino acids. The nucleotide sequence CAACCATGC 
around this initiation site was similar to the consensus sequence for initiation 
found in higher eukaryocytes, except that the second nt in the P4.2 cDNAs was 
A rather than C [61]. The presence or absence of the 90 nt insert gave rise to 
two P4.2 cDNA sequences; that is, a P4.2S from 2073 bp and a P4.2L from 2163 
bp [59, 62]. 

The amino acid sequence derived from the 2.5 kb cDNA contained —43 % non¬ 
polar, —35% polar, —10% acidic, and —12% basic amino acid residues [61]. The 
most abundant amino acids were leucine (82 residues) and alanine (60 residues). 
There were 49 serine and 43 threonine residues, which are potential sites for O-gly- 
cosylation and represent 13% of the total residues. There were 16 cysteine resi¬ 
dues, six potential N-glycosylation sites (Asn-Xaa-Ser/Thr) at Asn-103, -420, 
-447, -529, -604, and -705, one potential cAMP-dependent phosphorylation site 
(basic-basic-Xaa-Ser) at Ser-278, and nine potential protein kinase C phosphoryla- 
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tion sites (Ser/Thr-Xaa-Arg/Lys) at Ser-7, -57, -58, -154, -224, -449, -455, and -666, 
and Thr-287 [61]. There was one Arg-Gly-Asp sequence at 518—520. 

Secondary structure analysis predicted that P4.2 should contain ~3 % |3-sheet, 
—24% a-helix, and —45% reverse turns. Hydropathy analysis of the deduced 
amino acid sequence revealed a major hydrophobic domain (residues 298—322), 
which was predicted to be mainly a [3-sheet structure with a possible turn. There 
was a strongly hydrophilic region (residues 438—495). Toward the C terminus of 
this region, there was a highly charged segment predicted to be an a-helix (resi¬ 
dues 470—492) and containing a large number of both positively and negatively 
charged residues, especially glutamic acid [61]. Elsewhere, it was reported that 
there were 37% hydrophobic residues and 28% polar residues [60]. Protein 4.2 
did not show any obvious repeating primary structure, but a globular protein 
was suggested [60]. There were no extended stretches of (3-sheet or a-helix. Instead, 
the protein was characterized by short segments. A hydropathy plot of protein 4.2 
showed short alternating regions of hydrophobic and hydrophilic character [60]. 

The region of protein between amino acids 265 and 475, however, was character¬ 
ized by two sets of alternating, prominent hydrophobic and hydrophilic domains 
[60]. 

6.2.4.3 Protein 4.2 Gene in Mouse Red Cells 

There are substantial discrepancies between the three reports published on the pro¬ 
tein 4.2 gene in mouse red cells [65—67]. Korsgren and Cohen (1994) described iso¬ 
lation of a 3.5 kb mouse P4.2 cDNA with the P4.2 transcript of 4.1 kb from mouse 
reticulocytes [65]. Rybicki et al. (1994), on the other hand, reported isolation of a 
full-length P4.2 cDNA of 2.2 kb from mouse reticulocytes [66]. Karacay et al. 
(1995) described an entire P4.2 cDNA sequence consisting of 3465 nt with an 
open reading frame (ORF) of 691 amino acids, and despite its similarity to 
human P4.2 cDNA, the mouse cDNA had a longer 3’ untranslated region [67]. 

In addition, they reported that the mouse reticulocyte P4.2 RNA did not exhibit al¬ 
ternative splicing in the region identified in human P4.2 RNA. The P4.2 gene in 
mice was mapped to murine chromosome 2 [68], in contrast to 15ql5—q21 in 
the human red cell P4.2 gene. 


6.2.4.4 Tissue-Specific Expression of the Mouse Protein 4.2 Gene and the Pallid 
Mutation 

Immunoreactive forms of P4.2 with a molecular weight of 72 kDa, in addition to 
those larger or smaller than 72 kDa, have been detected in nonerythroid cells and 
tissues [40, 69—71]. Immunologic cross-reactivity between the red cell P4.2 protein 
and other cellular proteins has also been reported [40, 69—71]. 

Zhu et al. (1998) recently reported that expression of the mouse P4.2 gene was 
temporally regulated during embryogenesis and that the P4.2 mRNA expression 
pattern matched the timing of erythropoietic activity in hematopoietic organs 
[70]. It should be noted that, contrary to previous reports, P4.2 expression was de- 
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tected only in the erythroid cell-producing organs and circulating red cells during 
mouse embryonic development and in adult mice. They first analyzed poly A 
+RNAs from various adult mice tissues by Northern blot analysis using a 714 bp 
mouse P4.2 cDNA fragment containing the 3’ protein of the P4.2-coding region as 
the probe. A single 3.5 kb P4.2 transcript was detected at a relatively high level in 
the spleen, while little or no P4.2 hybridization was seen in other tissues examined 
(brain, lung, liver, skeletal muscle, kidney, or testis). They extended the use of mice 
embryos for their P4.2 expression studies. A P4.2 hybridization signal was first de¬ 
tected not at E6.5 days, but instead in primitive erythroid cells in E7.5 embryos. In 
E10.5 embryos, the P4.2 hybridization signal was detected only in the heart and 
blood vessels. In E12.5 embryos, there was a switch in the hematopoietic produc¬ 
tion sites from the yolk sac to the fetal liver. In E 16.5 embryos, the signal was 
greatly reduced in the liver, and was almost undetectable after birth. Finally, 
P4.2 gene expression became confined to the red pulp on postnatal day 7. No 
P4.2 specific labeling was observed in the white pulp, which consisted of germinal 
centers for lymphocytes, plasma cells, and macrophages. No P4.2 hybridization sig¬ 
nal was detected in megakaryocytes. Therefore, the P4.2 message was specifically 
expressed in cells of erythroid lineage in postnatal hematopoietic organs [70]. 

The chromosomal location of the mouse P4.2 gene was near a mouse pallid (pa) 
mutation [71]. Pallid was found in a mouse with dilution of coat color, increased 
bleeding time, and abnormal lysosomal enzyme secretion, as a model of the plate¬ 
let storage pool disease [72, 73]. Therefore, it has been suggested that the P4.2 gene 
may be related to the pallid mutation gene, and it has even been proposed that the 
P4.2 gene itself should be nominated as a “pallidin” [40, 65, 71]. Patients with P4.2 
deficiency, however, do not have the platelet storage pool deficiency seen in pa/pa 
mice, and the mutant mice do not exhibit the hemolysis and spherocytosis observ¬ 
ed in the P4.2 deficiency [41—43]. It has recently been shown that the P4.2 gene is 
distinct from the pa gene, and that changes in P4.2 in pallid mice were not respon¬ 
sible for the pallid mutation [68]. There have also been reports of P4.2 transcripts, 
in addition to spleen, in other tissues (kidney, heart, brain, and liver), and even in 
other cells (HeLa cells or HT-29 cells). As with the results for the immunoreactive 
forms of P4.2 previously detected in nonerythroid tissues or cells, neither P4.2 
message nor protein 4.2 have been found in nonerythroid tissues and cells [70]. 
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7 

Membrane Morphogenesis in Erythroid Cells 


7.1 

Introduction 

The genome exists basically in the nucleus, and its expression is controlled by 
many factors including promoter functions and epigenetic control mechanisms; 
methylation, phosphorylation, acetylation, and chromatin packaging. 

In general, the genomic messages expressed in the nucleus are transferred via 
mRNA into the Golgi apparatus in the cytoplasm to produce the determined pro¬ 
teins. The proteins produced in the cytoplasm should be carried by presently un¬ 
known transport proteins to the cell membranes. The proteins transferred near 
the cell membranes should be incorporated precisely into the determined positions 
of the stereotactic ultrastructure of the cell membranes. The proteins, which are 
placed in order in the cell membranes, are only allowed to express their cellular 
functions. 

As regards the processes from genotypes to phenotypes, the genomic mutations 
of the determined red cell membrane protein genes and the protein contents in the 
cell membranes have actually been studied [1—5]. However, only some stages in 
these steps have been clarified. Postgenomic investigations will be critical to the 
elucidation of the formation of red cell membrane ultrastructure in the future. 

The exact mechanisms of membrane morphogenesis and of the formation of red 
cell shape have still not been clarified. This problem has proved to be a significant 
stumbling block to the elucidation of the pathogenesis of red cell membrane dis¬ 
orders, especially hereditary spherocytosis, hereditary elliptocytosis and hereditary 
stomatocytosis, in which abnormal red cell shapes, such as those in microsphero¬ 
cytosis, elliptocytosis and stomatocytosis, are hallmarks of these disorders. In 
human beings, the role of the spleen, which determines the survival of red cells, 
normal and abnormal, should be critically considered. The process is totally inde¬ 
pendent of genomic states. Therefore, genotype is obviously only one of the defi¬ 
nite determinants for phenotypic expressions. 

Despite this overview of the background on red cell membrane disorders, eluci¬ 
dation of the mechanism of biomorphogenesis of the red cell membrane structure 
is still critically important to the understanding of the disease states of these dis¬ 
orders. 
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7.7 Introduction 


Studies of the morphogenesis of red cell membranes were intiated in the early 
1980s utilizing non-human erythroid cells, in particular avian and murine erythro- 
blasts [6—20]. It was found that glycophorins and spectrin were expressed in 
human proerythroblasts prior to the expression of band 3 [21, 22]. This observation 
was confirmed by us in cultured erythroid cells, which were obtained from a burst¬ 
forming unit in erythroid (BFU-E) in peripheral blood by the two-phase liquid cul¬ 
ture method [23, 24] (Figs. 7.1 and 7.2, and Table 7.1). In our study, protein 4.1 ap¬ 
peared in intermediary matured erythroblasts on days 7—9 of the second phase of 
this method [24]. Protein 4.2 was expressed only in the erythroblasts at the latest 
stage (after day 10), which was equivalent to the stages from orthochromatic ery¬ 
throblasts to reticulocytes [24]. The mRNA for protein 4.2 was first expressed on 
day 3 of the second phase [24]. These findings showed clearly that the red cell 
membrane proteins were expressed sequentially during erythroid maturation: 
i. e., firstly spectrin and band 3, then protein 4.1 and finally protein 4.2. These 
were then incorporated into the erythroid membranes sequentially [24]. The pres¬ 
ence of several gene products, which corresponded to the intermediate isoforms of 
protein 4.2 protein, was also observed on protein 4.2 mRNA [24]. The gene prod¬ 
ucts consisted of seven isoforms of different sizes, which were produced by various 
combinations of exon skippings. In disease states, several isoforms of protein 4.2 
are known to be present in human erythroid cells: i. e., 72, 74, 67 kDa and others 
[25]. The appearance of these protein 4.2 isoforms has been suggested to be closely 
linked with the gene control mechanism in erythroid morphogenesis, and also 
with posttranslational modification, typically shown in the protein 4.2 doublet 
Nagano [26]. 


Table 7.1 Morphological profile of cultured cells during second phase of the two-phase liquid 
culture method. 



Percentage of cells (%, mean ± 

SD) 

Cultured cells in the second phase of two-phase liquid culture 
method 

Day 0 

Day 5 

Day 9 

Day 16 

Blastic cells/lymphoid cells 

98.2 ± 0.3 

54.5 ± 5.3 

9.5 ± 1.4 

7.2 ± 1.5 

Nucleated cells 





Immature erythroblasts* 

1.2 + 0.1 

39.2 ± 4.3 

22.2 ± 2.3 

4.1 ± 1.8 

Mature erythroblasts** 

0 

5.1 ± 0.7 

50.3 ± 2.4 

60.3 ± 3.2 

Enucleated erythroid cells 

0 

0.3 ± 0.1 

17.2 ± 1.3 

27.2 ± 2.9 

Myeloid cells 

0.6 ± 0.1 

0.9 ± 0.2 

0.8 ± 0.1 

1.2 ± 0.3 


* Equivalent to proerythroblasts, basophilic erythroblasts and polychromatic erythroblasts. 

** Equivalent to orthochromatic erythroblasts. 

Differential counts were performed on 400 cells in duplicate each time in ten independent experi¬ 
ments. 







7 Membrane Morphogenesis in Erythroid Cells 


135 


[X] Cell preparation 

s Siltca 


incubation 


Peripheral 
blood 


37'C, 60min 


0 


400g 


30min 


interphase 
(mononuclear cells) 


r^ 

Lymphoprep 


BJ 1 st phase 


1 


FBS 

10% 

D-MEM 


IL-3 

lOOng/ml 

SCF 

lOOng/ml 

Cells 

1 X10 6 /ml 


jc] Carbonyl iron method 


D 


2nd phase 


FBS 

30% 

BSA 

1% 

D-MEM 


2-ME 

10 5 M 

EPO 

2U/ml 

SCF 

lOOng/ml 

Transferrin 

300ng/ml 

Cells 

5X10 5 /ml 


Figure 7.1 Two-phase liquid culture method for 
studying human erythroid cells. [A] Normal pe¬ 
ripheral mononuclear cells (1 X 10 7 ) were ob¬ 
tained from 30 ml_ of peripheral blood by uti¬ 
lizing Lymphoprep. [B] The mononuclear cells 
(1 X 10 6 cells per mL) were then incubated with 
an Iscove’s modified Dulbecco’s medium (D- 
MEM) containing 100 ng mL -1 recombinant 
human interleukin 3 (Kirin Brewery Co., Tokyo, 
Japan), 100 ng mL” 1 recombinant human stem 
cell factor (SCF: Kirin Brewery Co., Tokyo, 
Japan), and 10% fetal bovine serum at 37°C for 
7 days under 5% C0 2 and 5 % 0 2 (the first 



(5% CO 2 . 5% 02, 37°C, 7days) 




r v ‘ 


carbonyl iron 



magnet S non-phagocytic cells 


(5% CO 2 , 5% O 2 , 37’C) 


phase). [C] After the incubation, phagocytic 
cells were removed by the addition of carbonyl 
iron. [D] Nonphagocytic cells (5 X 10 5 cells per 
mL) were further incubated with 30% fetal bo¬ 
vine serum, 1 % bovine serum albumin, 1 X 
10 -5 M 2-mercaptoethanol, 2 units per mL of 
erythropoietin (Kirin Brewery Co.), 100 ng mL -1 
of SCF, 300 pg mL 1 of iron-saturated transfer¬ 
rin, and D-MEM at 37°C under 5% C0 2 and 
5 % 0 2 (the second phase). On day 9, 2 units 
per mL of fresh erythropoietin were added to 
the cell suspension. Further incubation was 
carried out to day 16. 
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Day 1 Day 3 



Figure 7.2 Morphology of the cultured cells corresponding to days 1, 3, 5, 7, and 9 of the second 
phase of the two-phase liquid culture method. Representative results with Wright—Giemsa stain 
are shown. 


7.2 

Red Cell Membrane Proteins During Erythroid Development and Differentiation 

Red cell membrane proteins are functionally classified into three groups [1—5]. The 
first one is a group of proteins which lie in parallel just beneath the lipid bilayer. 
These proteins form a cytoskeletal network as a complex of a-spectrin, (S-spectrin, 
protein 4.1, actin, and other minor proteins through horizontal interactions 
(Fig. 2.2). The second group is a group of proteins which exist in the lipid bilayer. 
These integral proteins are band 3, glycophorins, and other minor proteins. A 
complex of band 3—(3-spectrin—ankyrin, and a complex of spectrin—protein 
4.1—glycophorin are identified by their vertical interactions (Fig. 2.2). The third 
group is a group of proteins which connect skeletal proteins to integral proteins. 
These anchoring proteins are protein 4.2, ankyrin, p55, and other minor proteins. 
They form complexes of glycophorin C—p55—protein 4.1—spectrin, of band 
3—protein 4.2, and of protein 4.2—spectrin. 

The interactions between these membrane proteins are critical for maintaining 
the normal integrity of the red cell membrane ultrastructure [1—5]. They are 
synthesized in the cytoplasm of erythroid cells and incorporated into the erythroid 
membrane structure during erythroid development and differentiation. 

7.2.1 

Expression of Membrane Proteins in Early Erythroid Progenitors (BFU-E and CFU-E) 

The expression of membrane skeletal proteins has been studied usually by utiliz¬ 
ing burst-forming units in erythroid (BFU-E) and colony-forming unit-erythroid 
(CFU-E) in avian cells transformed by the erythroblastosis virus (AEV) or S13 
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virus [6—11], in murine erythroleukemia cells (MEL) [12, 13], or in mouse progeni¬ 
tor cells transformed by Friend virus (FVA) [14—16] or Rauscher erythroleukemia 
virus [17]. These cells can differentiate into erythroid cells in the presence of ery¬ 
thropoietin and DMSO. The basic mechanism for expression of these membrane 
proteins appears to be similar in avian cells [6—11, 20] and mammalian cells 
[12—19]. The most substantial studies in this field were carried out in avian cells 
by Lazarides and his group. 

The expression of (3-spectrin starts with the appearance of y-spectrin, which is 
considered as a precursor form of (3-spectrin [6]. During erythroid maturation at 
the stage of the postmitotic phase, y-spectrin is switched into [3-spectrin [6]. At 
the stage of erythroid progenitors, a-spectrin, P-spectrin, protein 4.1 and ankyrin 
expression has been detected, but at a minimal level [9, 14, 17]. These newly 
synthesized proteins are present mostly in the cytoplasm and are incorporated 
only minimally into the membranes. Hanspal et al. [17] demonstrated that only 
a small (4—8) percentage of newly-synthesized proteins can be assembled into 
the membranes at the CFU-E stage. However, when these cells were induced to 
early erythroblasts, fractions of the newly synthesized proteins, which were as¬ 
sembled into the membranes, increased up to 12.8—23.5 % [17]. Lazarides et al. 

[1, 9—11] reported that the structure of the cytoskeletal network at the stage of 
erythroid progenitors is extremely unstable, because the high-affinity binding do¬ 
main for ankyrin—spectrin—protein 4.1 is lacking, and also because band 3 and 
glycophorin C are not expressed on the membranes at this stage [9—11]. Although 
spectrin dimers or tetramers, and in some situations, even p 4 - or a 2 -spectrin 
chains, are formed, these complexes are easily catabolized due to their molecular 
instability [9, 10] (Fig. 7.3). 

7.2.2 

Expression of Membrane Proteins in Early Erythroblasts 

At this stage, band 3 protein is expressed, and thereby both vertical interactions 
(the band 3—ankyrin—spectrin complex, and the glycophorin C—protein 
4.1—spectrin complex) and horizontal interactions (spectrin—protein 4.1—actin) 
are established [9, 10, 12, 14, 16, 17, 21]. These are membrane structures specific 
for erythroid cells [21]. 

Lazarides et al. proposed the following mechanism for the assembly of the mem¬ 
brane structure based on their studies on avian cells [10]. Amongst each membrane 
protein, there are high affinity binding sites [27, 28]. Once the membrane proteins 
are synthesized, they are subjected to conformational changes by chemical modifi¬ 
cations through phosphorylation, lipid acylation, and others. In additon, the ex¬ 
pression of membrane proteins is not synchronized [1, 9, 10, 13, 14, 16, 17, 19, 

21]. The ankyrin—spectrin—protein 4.1 complex appears to be primarily produced 
as a horizontal interaction [10, 11]. Then vertical interaction by the band 
3—ankyrin—spectrin complex or the glycophorin C—protein 4.1—spectrin complex 
follows [10, 11]. These interactions of membrane proteins are regulated precisely 
by phosphorylation, and various posttranslational modifications [10, 11]. 


Incorporation of 35 S-methionine into spectrins 
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Figure 7.3 Membrane biogen¬ 
esis in erythroid progenitors. 

(A) Enhanced synthesis of P- 
spectrin (P) over a-spectrin (a) 
in the cytoplasmic fraction of 
human early erythroblasts ob¬ 
tained by the two phase liquid 
culture method in the presence 
of erythropoietin (2 units per mL). 

(B) Transient assembly of the 
cytoskeletal complex and its 
turnover in erythroid progeni¬ 
tors. GPA: glycophorin A, Ank: 
ankyrin, Sp: spectrin. 
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Palek et al. confirmed the above-mentioned concept by basing their results on 
human erythroid cells, and proposed the presence of three rate-limiting steps 
[17, 21]. In the first one, a-spectrin is synthesized in a three times greater excess 
than P-spectrin (Fig. 7.4A). Therefore, P-spectrin is definitely rate-limiting for 
the formation of the spectrin dimer [7, 21]. In the second step, the spectrin 
dimer is bound to ankyrin tightly and specifically [27]. In the third step, the ankyrin 
molecule, which is bound to a spectrin dimer, binds further to band 3 specifically 
[28]. These two proposals made by Lazarides [10] and Palek et al. [17, 21] fit well 
with results observed in mouse models of hereditary spherocytosis [19] and 
human patients with spectrin deficiencies [22]. The observations made in these par¬ 
ticular mouse models are as follows. (1) When the expression of P-spectrin is re¬ 
duced or totally deficient and the expression of a-spectrin is maintained normally 
[22], a-spectrin and p-spectrin contents are equally diminished. This clearly indi¬ 
cates that the formation of spectrin dimers by a-spectrin and P-spectrin is critically 
important. The expression of spectrins per se does not affect the expression of other 
membrane proteins, such as band 3 [11, 21]. (2) When the expression of ankyrin 
is partly deficient, the contents of a-spectrin and p-spectrin are diminished in 
addition to a partial ankyrin deficiency in mature red cells [13]. At such a time, 
the expression of band 3 is unaffected, and band 3 is present normally [1, 21]. 
(3) In deficiencies of protein 4.1 or glycophorin C, the contents of spectrin, an¬ 
kyrin, and band 3 are maintained normally [29], indicating that an abnormality 
in the glycophorin C—protein 4.1—spectrin complex associated with the vertical 
interaction does not appear to affect the formation of the cytoskeletal network 
[ 10 , 11 , 21 ], 


Figure 7.4 Membrane biogenesis 
in early erythroblasts. 

(A) Predominant biosynthesis of 
a-spectrin (a) over P-spectrin (P), 
and their catabolism in the cyto¬ 
solic fraction of human early ery¬ 
throid cells obtained by the two 
phase liquid culture method. 

(B) Incorporation of a- and P-spec- 
trins into the membrane fraction 
equally in human erythroid cells 
obtained by the two phase liquid 
culture method. EPO: erythropoi¬ 
etin. 


c 

c 

OB 

O 

e- 

o 



60 


120 








140 | 7.2 Red Cell Membrane Proteins During Erythroid Development and Differentiation 

B Membrane fraction 


anti-EPO EPO 


120 240 120 240 (min) 



Figure 7.4 Part B. 


Erythropoietin (EPO) is known to induce the differentiation of CFU-E into 
erythroblasts (Fig. 7.4 B). Hanspal et al. [15] demonstrated that, in the presence 
of erythropoietin, an incremental synthesis of spectrin in the soluble fraction is 
observed only in P-spectrin, but not in a-spectrin. The increased P-spectrin content 
is due to increased mRNA content. Furthermore, in the presence of erythropoietin, 
the net incorporation of spectrins is markedly increased in parallel with 
a-spectrin and P-spectrin. Thus, P-spectrin is definitely a rate-limiting factor in 
both the synthesis of spectrins and in their assembly into the membrane structure 
[7, 15]. 

7.2.3 

Expression of Membrane Proteins in Late Erythroblasts 

At the stage of late erythroblasts during erythroid development and maturation, the 
basic structure of the erythroid membrane appears to be almost completed [10, 21]. 
However, it may still be unstable and fragile. It can easily be imagined that some 
other membrane proteins may be required to biophysically and functionally 
strengthen the interactions between the cyto skeletal network and the membrane 
lipid bilayer. Assembly of these membrane proteins into the membrane structure 
may be crucial to finalizing the construction of the normal ultrastructure. 

It has been calculated that total membrane protein content in late erythroblasts 
is approximately 80% of that in mature red cells [21]. The membrane proteins in¬ 
corporated into the membranes in late erythroblasts are stable with a lower turn¬ 
over rate than in early erythroblasts. In late erythroblasts, the amounts of spectrin, 
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ankyrin, and band 3 synthesized are clearly reduced compared with those in early 
erythroblasts [16]. Contrary to the reduced synthesis of these membrane proteins, 
the biosynthetic rate of protein 4.1 is increased in late erythroblasts. Protein 4.1 is 
considered to fortify the cytoskeletal network. 

Since the assembly of protein 4.2 has not been well elucidated, we investigated 
this aspect in human erythroblasts from bone marrow and in erythroid-committed 
cultured cells obtained from BFU-E in peripheral blood by the two phase liquid cul¬ 
ture method, as described in detail in the next section ( Section 7.3). Protein 4.2 
was detected in 9% of the erythroblasts that expressed band 3, suggesting that 
band 3 is clearly expressed prior to protein 4.2 [24]. The expression of protein 
4.2 was observed after the expression of protein 4.1 [24]. Thus, protein 4.2 appears 
to be the membrane protein which is expressed last amongst the various major 
membrane proteins during erythroid development and differentiation. This pro¬ 
tein appears to be expressed in orthochromatic erythroblasts just before enuclea¬ 
tion, through which reticulocytes are produced [24]. Therefore, protein 4.2 may 
play some role in this enucleation event, although the detailed functions of protein 
4.2 have not yet been clarified. The functional targets of protein 4.2 appear to be 
band 3 and spectrin, suggesting that protein 4.2 may strengthen the vertical and 
horizontal interactions after the membrane ultrastructure is virtually completed, 
or regulate these assemblies at the last moment during the maturation of erythroid 
cells [25] (Fig. 7.5). 


Figure 7.5 Expression and development of 
membrane proteins in erythroid cells in vivo 
of bone marrow detected by the immunogold 
method. 

1, Spectrins in proerythroblasts. 

2, Spectrins in late erythroblasts. 

3, Spectrins in red cells. 


Figure 7.5 see page 142-144 

-► 

4, Band 3 in proerythroblasts. 

5, Band 3 in late erythroblasts. 

6, Band 3 in red cells. 

7, Protein 4.2 in proerythroblasts. 

8, Protein 4.2 in late erythroblasts. 

9, Protein 4.2 in red cells. 

N: nucleus, Nl: nucleolus. 


In each set, electron micrographs by regular transmission electron microscopy (right) and by 
immuno-electron microscopy with antibodies against spectrins, band 3, or protein 4.2 (upper left) 
and without them (lower left) are shown. Arrows indicate immunogold particles. 
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7.3 

Sequential Expression of Erythroid Membrane Proteins, Particularly Protein 4.2 

7.3.1 

Expression of Red Cell Membrane Protein 4.2 and Its mRNA 
in Normal Human Erythroid Maturation 

The expression of membrane proteins in erythroid cells has been studied in var¬ 
ious species, i. e.: in avian cells transformed by the avian erythroblastosis virus 
(AEV) or S-13, in murine erythroleukemia cells (MEL), and in erythroid progeni¬ 
tors transformed by the Friend virus (FVA) or Rauscher erythroleukemia virus, 
which can differentiate into mature erythroblasts. It has become clear that spectrin 
as a cytoskeletal protein has already been expressed in early erythroid progenitors, 
followed by sequential expression of band 3 as an integral protein in early erythro¬ 
blasts. In contrast, there has been little precise description of the expression of pro¬ 
tein 4.2 during erythroid maturation, although indirect evidence has been found in 
the peripheral red cells of a mouse given a single injection of 35 S-methionine, by 
which protein 4.1 and 4.2 appeared to be synthesized at the same level throughout 
erythropoiesis [18]. 

In a study using the two phase liquid culture method, in which normal periph¬ 
eral mononuclear cells containing the burst-forming unit-erythroid (BFU-E) were 
utilized, sequential expression of membrane proteins during the maturation of 
human erythroid precursors has recently been shown [24]. Using this method, 
spectrin was detected at the early stage of the second phase (probably earlier 
than proerythroblasts), followed by band 3 in early erythroid cells (Fig. 7.6). Protein 

4.1 was detected on day 9 of the second phase of this method, corresponding to 
protein 4.1b, while peripheral blood cells exhibited both protein 4.1a and 4.1b 
(Fig. 7.6). Protein 4.2, however, was barely recognized even after so many days 
of culture. It first appeared on day 10, when spectrin and band 3 were definitely 
expressed. The content of protein 4.2 in the cultured erythroid cells on day 10 
was approximately 5 ± 4% of that in the same number of peripheral red cells 
(Fig. 7.6). The extent of protein 4.2 expression increased sequentially, to 29 ± 

10% on day 14, and 37 ± 18% on day 16, when, in addition to a major band 
(72 kDa) of protein 4.2, two more faint bands were detected, by Western blotting 
with antiprotein 4.2 antibody, probably as isoforms of protein 4.2 (Fig. 7.7). Flow 
cytometric analyses confirmed these results. 

At the mRNA level, no protein 4.2 mRNA was detected in normal cultured ery¬ 
throid cells even by RT-PCR on day 0 of the first and second phases of this culture 
method [24]. After day 3, protein 4.2 mRNA was detected by RT-PCR. Using South¬ 
ern blot analysis, seven bands of protein 4.2 RT-PCR products were detected on 
days 3 and 8 of the second phase by autoradiography. These seven bands were 
also detected in reticulocytes in peripheral blood, but there were none in mononu¬ 
clear cells present in peripheral blood. The sizes of the detected products were (I) 

1052, (II) 986, (III) 915, (IV) 889, (V) 813, (VI) 709, and (VII) 595 base pairs, which 
appeared to correspond to the theoretical sizes deduced from the protein 4.2 se- 
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Day at the 2nd phase 




Figure 7.6 Expression of spectrin, band 3, 
protein 4.1, and protein 4.2 during maturation 
of erythroid cells by the two phase liquid culture 
method. The whole lysates of erythroid cells 
cultured by the two phase liquid culture method 
were subjected to regular Western blotting with 
anti-human antibodies on SDS—PAGE. By day 9 
of the second phase in the culture method, 
a-spectrin, (3-spectrin, band 3, and protein 4.1 


were detected. This protein 4.1 corresponded to 
protein 4.1b, while peripheral blood cells (PB) 
exhibited both protein 4.1a and 4.1b. On this 
day, protein 4.2 had still not been expressed. 
Protein 4.2 was first detected on day 10, and 
gradually increased in amount. In protein 4.2, a 
major 72 kDa peptide as a wild form and two 
minor bands (63 and 59 kDa) in trace amounts 
were also detected as shown by asterisks (*). 
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A. Expression of the protein 4 2 gene during maturation 
erythroid cells 

Cultured erythroid cells 

Day at the 2nd phase 



(I) 



(I) 


of normal human 
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B. Expression of protein 4.2 during maturation of normal human erythroid cells 


Cultured cells 

Day 10 Day 14 Day 16 


Peripheral 
red cells 




-63KD- 


-59KD- 


(4.6%) (28.8%) (36.9%) 


( 100 %) 


Western blot with anti-protein 4.2 polyclonal antibody and 
'"l-protein A in whole lysates of cultured cells 


Figure 7.7 Expression of protein 4.2 and its B, Expression of protein 4.2 during maturation 
gene during maturation of normal human ery- of normal human erythroid cells detected by the 
throid cells. A, Expression of the protein 4.2 Western blotting with anti-human protein 4.2 
gene in cultured cells by the two phase liquid polyclonal antibodies, 
culture method and in peripheral reticulocytes. 
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quence, that is, 1070, 980, 965, 875, 836, 746 or 712, and 641 base pairs, respec¬ 
tively. These findings were also confirmed by silver staining. At the cDNA level, 
these products correspond to (Typel) 2163, (II) 2073, (III) 2058, (IV) 1968, (V) 
1929, (VI) 1839, (VI’) 1824, and (VII) 1734 base pairs, which are isoforms deduced 
directly by gene sequences (Fig. 7.8). The largest isoforms (Typel) of protein 4.2 
were produced by reading the full length of the protein 4.2 gene. A wild type of 
the 72 kDa (II) was obtained by the skipping of 90 nucleotides in exon 1. Through 
sequencing, other isoforms were also identified and obtained: by skipping only 
exon 5 (III); by combined skipping of 90 nucleotides in exon 1 and exon 5 (IV); 
by skipping exon 3 (V); by combined skipping of 90 nucleotides in exon 1 and 

Size of cDNA corresponding to protein 4.2 gene 


type 

(I) 

(II) 

(III) 

(IV) 

(V) 

(VI) 

(VI') 

(VS) 


(bp) 

2163 |- 

2073* 

E-1 

2058 |- 
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E-3 
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E-1 E-3 

1824 | -f'S 

E-3 

1734 H^l- fS 

E-1 E-3 


/S 

E-5 


E-5 


E: Exon 

* : Equivalent to a wild type (72kOa) of protein 4.2 

Figure 7.8 Presence of seven products of 4.2 could be obtained, which were deduced di¬ 
human erythroid protein 4.2 pre-mRNA or ma- rectly by gene sequences. The expression of 
ture RNA produced by various exon skippings, seven gene products among them, however, 
Eight gene products of human erythroid protein were confirmed by Southern blotting. 
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CFU-E Proerythroblasts Erythroblasts Reticulocytes 

Mature RBCs 



Figure 7.9 Overall view of sequential expression of membrane proteins in human erythroid cells 
during their maturation. CFU-E: colony-forming unit in erythroid, GP: glycophorin, RBC: red cells. 


exon 3 (VI); by skipping exon 3 and 5 (VI’); and by combined skipping of 90 
nucleotides in exon 1, exon 3, and exon 5 (VII) [24] (Fig. 7.8). 

These findings clearly indicate that, in sequence, spectrin was expressed in very 
early erythroblasts, followed by band 3 and protein 4.1. Then protein 4.2 was ex¬ 
pressed in very late erythroblasts or around the stage of the reticulocytes. Thus, 
the expression of protein 4.2 appears to be the last event amongst the various 
membrane proteins [24] (Fig. 7.9). 

In disease states, several isoforms of protein 4.2 are known to be present in 
human erythroid cells, i. e.: 72 kDa, 74 kDa, 67 kDa, etc. [25]. Even in normal 
red cells, at least three isoforms of protein 4.2 have been detected by Western blot¬ 
ting with the Protein-A method [24, 25]. The significance of the appearance of 
these isoforms of protein 4.2 is unknown. The 72 kDa and 74 kDa peptides 
were detected in trace amounts by Western blotting in the red cells of protein 
4.2 deficiency of the Nippon type (a homozygote of codon 142 GCT —>ACT) [30], 
and the 74 kDa peptide in heterozygotes of protein 4.2 Shiga (codon 317 
CGC—»TGC) [31] and heterozygotes of protein 4.2 Komatsu (codon 175 
GAT —¥ TAT) [32]. Variants of protein 4.2, in which 72 and 74 kDa peptides were 
equally or nearly equally expressed in red cells, have also been reported as a protein 
4.2 doublet Kobe and a protein 4.2 doublet Nagano [26]. Therefore, the control 
mechanism of expression of protein 4.2 should be clarified with respect to the 
phenotypic expression of protein 4.2. 
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7.3.2 

Developmental Expression of Mouse Red Cell Protein 4.2 mRNA in Erythroid 
and Nonerythroid Tissues 

It has been shown that erythropoiesis in mouse embryos is initiated at the yolk sac 
(E7.5—11.5 days) as a primitive erythropoiesis, by which nucleated erythroblasts 
are produced from the blood islets. At E12.5—16.5 days, the liver becomes the 
major erythropoietic organ producing erythroblasts, which can be differentiated 
into enucleated red cells in the peripheral blood, as a definitive erythropoiesis. 
After E16.5 days, a reduction in the hematopoietic function of the hematopoietic 
cells in the liver begins and their proliferation decreases. Around and after birth, 
the spleen and the bone marrow become the major hematopoietic organs in 
mice [33]. 

Expression of the mouse protein 4.2 gene, the protein 4.2 mRNA, and protein 

4.2 itself has recently been studied by Northern blot analysis and by in situ hybri¬ 
dization during mouse embryogenesis [33]. To assess expression of the protein 4.2 
gene, poly A + RNAs from various adult mouse tissues were analyzed by Northern 
blot analysis using a 714-base pair mouse protein 4.2 cDNA fragment containing 
the 3’ portion of the protein 4.2-coding region as the probe. A single 3.5 kb protein 
4.2 transcript was detected at a relatively high level in the spleen. Little or no pro¬ 
tein 4.2 hybridization was observed in other tissues examined (brain, lung, liver, 
skeletal muscle, kidney, or testis) [33]. 

At different stages of development, no protein 4.2 hybridization was detected in 
mRNAs from E6.5 embryos. The expected 3.5 kb protein 4.2 mRNA was first de¬ 
tected in E7.5 embryos, and its intensity increased in the embryos at later ages 
(E14.5 and E16.5). Protein 4.2-specific labeling was found to be localized in primi¬ 
tive erythroid cells. Starting from El2.5 days, there was a switch in the hematopoie¬ 
tic sites from the yolk sac to the fetal liver, where protein 4.2 expression was observ¬ 
ed. By E14.5 days, the liver showed the strongest protein 4.2 hybridization signal 
among all organs. The protein 4.2 hybridization signal was greatly reduced in 
the liver after E16.5 days, and was almost undetectable after birth, when the spleen 
and bone marrow became the major hematopoietic sites. Significant protein 4.2 ex¬ 
pression was seen in the emerging red pulp of the spleen [33]. 

Throughout embryogenesis, no protein 4.2-specific labeling was observed in the 
lymphocytic organs (the thymus, the white pulp and germinal centers of the 
spleen), lymphocytes, plasma cells, macrophages, or megakaryocytes, but was de¬ 
tected in erythroid cells, and particularly at high intensity in areas with more ma¬ 
ture erythroid cells [33]. Even in the bone marrow, no protein 4.2 hybridization sig¬ 
nal was seen in cells of nonerythroid lineage, including megakaryocytes [33]. The 
protein 4.2 message was specifically expressed in cells of erythroid lineage in post¬ 
natal hematopoietic organs. 

Immunoreactive forms of the red cell protein 4.2 have been reported in nonery¬ 
throid tissues such as brain, kidney, heart, liver, platelets, human endothelial cells, 
HT-29 human colon adenocarcinoma cells, T-84 human colon carcinoma cells, SK- 
N-MC human neuroblastoma cells, HeLa human cervical epithelial carcinoma 
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cells, a CV-1 monkey kidney fibroblast cells, and an Sf9 insect cell line [34—37]. The 
most recent work detected no protein 4.2 message in nonerythroid organs or mega¬ 
karyocytes by Northern blot analysis [33]. Therefore, the immunoreactive forms of 
protein 4.2 detected in nonerythroid tissues or cells, which have been reported pre¬ 
viously, do not appear to be protein 4.2 isoforms, although they may be protein 4.2- 
related proteins. Further characterization of the molecular nature of these protein 
4.2-immunoreactive analogs is needed to identify them. 

The protein 4.2 gene in mice is mapped to mouse chromosome 2 [38]. Its chro¬ 
mosomal location was found to be near the mouse pallid (pa) mutation [34, 35, 38]. 
Pallid is one of several independent mouse mutations that are models of the plate¬ 
let storage pool disease [39, 40]. With Southern blot and Northern blot analyses, it 
has been suggested that this pallid mutation (pa) in mice is a mutation in the pro¬ 
tein 4.2 gene [35, 36, 38]. Under the above-mentioned assumption, the name of 
“pallidin” has been proposed for protein 4.2 [34]. However, human patients with 
protein 4.2 deficiency have not shown any abnormalities of the platelets, such as 
the platelet storage disease, observed with the pallid mutation (pa/pa), but have de¬ 
monstrated uncompensated hemolytic anemia [25, 30—32]. The mutant (pa/pa) 
mice did not have the increased hemolysis and spherocytosis seen in human pa¬ 
tients [39, 40]. Recently, the proposal that pallid is a mutation in the protein 4.2 
(Epb 4.2) gene has been weakened by the fact that the gene encoding protein 
4.2 is distinct from the mouse platelet storage pool deficiency mutation pallid 
[41]. Therefore, the name “pallidin” is inappropriate and misleading in describing 
protein 4.2. 

It also has been reported that the red cell protein 4.2 gene (Epb 4.2) was present 
in normal platelets and absent from protein 4.2-null mice produced by the targeted 
protein 4.2 gene, although normal platelet counts with normal platelet functions 
have been observed in protein 4.2-null mice [42]. In this study, the immunoblotting 
method was utilized to detect the presence of protein 4.2 in normal mice [42]. The 
discrepancy between this finding and those by other investigators [33] should be 
clarified in the near future. 
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8 

States of Methylation in the Promoter of the Genes of p-Spectrin, 
Band 3, and Protein 4.2 


8.1 

Introduction 

Methylation patterns in human and eukaryotic genomes have often been investi¬ 
gated for their significance in determining activity profiles of eukaryotic genes. 
Specific modes of promoter sequence methylation can be linked to long-term 
gene inactivation [1], In some instances, promoters completely methylated in all 
5’-CG-3’ dinucleotides retain full activity, such as promoters from frog virus 
(FV3) in fish or hamster cells [2]. One of these FV3 promoters responds with inac¬ 
tivation when merely the 5’-CCGG-3’ sites are methylated. Specific patterns rather 
than the extent of promoter methylation are likely to be responsible for promoter 
inactivation. However, DNA methylation patterns in a genome can exert functions 
beyond those regulating promoter activity. Since a 5’-methyldeoxycytidine (5-mC) 
residue at a specific site in a nucleotide sequence can function as a positive or a 
negative modulator of protein—DNA interactions, the topological arrays of unique 
chromatin structures in different parts of a genome might depend on unique pat¬ 
terns of methylation as the primary regulators in the chain of protein—DNA inter¬ 
actions, on which chromatin structure is dependent. 

Work on DNA methylation is still characterized by uncertainties of its biological 
functions. The highly conserved, in part inter-individually identical patterns of dis¬ 
tribution of 5-mC residues, that is, in the human genome, point to a role transgres¬ 
sing that of the long-term inactivation of mammalian promoters [1, 3—8]. These 
patterns might provide a framework for chromatin scaffolding in that 5-mC resi¬ 
dues modulate the primary direct interaction of DNA with the inner-most layer 
of proteins. The scaffold thus generated then establishes the imprint for a multi¬ 
tude of protein—protein interactions that contribute to the formation of the specific 
chromatin structures established in different parts of the mammalian genome. For 
this reason, our interest has focused on the determination of methylation patterns 
in mammalian, in particular human, genome segments [9]. 

During studies of the genotypes and phenotypes of red cell membrane disorders, 
it was observed that, among the two alleles present, one abnormal allele was not 
expressed in spite of the regular expression of the normal allele on the other 
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side, especially in the disease states of autosomal dominant transmission. In these 
cases, the genotype clearly showed the abnormality, but the level of the determined 
protein as the phenotype was mostly maintained as normal. No abnormalities were 
detected in known membrane proteins even in their genes in some disease states; 
that is, there were no abnormal protein bands or decrease in protein contents on 
sodium dodecylsulfate—polyacrylamide gel electrophoresis, and there were no 
pathognomonic mutations at the coding region or the promoter region upstream 
from the initiation sites of the determined membrane protein genes. Thus there 
is a need to elucidate the control mechanism of the expression of red cell mem¬ 
brane protein genes, and its contribution to the pathogenesis in disease states. Sev¬ 
eral promoters, such as GATA-1, GATA-2, and others are known to be present in 
the promoter region of these genes. However, in some disease states gene muta¬ 
tions, which are pathognomonic for the disease states, have rarely been detected 
[10, 11]. Thus, the possible significance of epigenetic control of membrane proteins 
and their related genes by epigenetic control mechanisms such as methylation, 
acetylation, phosphorylation, and chromatin packaging is recognized. 

We have become interested in the methylation status of the promoter regions of 
the genes EPB3 [12], ELB42 [13] and SPTB [14] in healthy individuals, in cultured 
cells, and in patients with hereditary spherocytosis or hereditary elliptocytosis. EPB3 
is the gene of band 3, which is a major integral protein of red cell membranes, 
ELB42 is the gene of protein 4.2, which is an anchoring protein connecting both 
spectrin and band 3, and SPTB is the gene of [3-spectrin, which is a rate-limiting 
protein of the cytoskeletal network. The study has also been performed in the course 
of a genome-wide determination of methylation patterns in selected regions of the 
human genome. The following types of analyses were carried out: (1) direct deter¬ 
mination of DNA methylation in all 5’-CG-3’ sequences in the promoter regions by 
applying the bisulfite protocol of the genomic sequencing technique on DNA from 
mononuclear cells in peripheral blood; (2) determination of the states of methyla¬ 
tion of the 5’-CG-3’ sites in the promoter regions of the band 3, protein 4.2, and P- 
spectrin genes during erythroid differentiation; (3) assessment of the methylation 
profiles in the promoter regions of the band 3, protein 4.2, and P-spectrin genes in 
hereditary spherocytosis and hereditary elliptocytosis patients; and (4) determina¬ 
tion of transcription levels of the band 3 and protein 4.2> genes in the unstimulated 
or stimulated UT-7 cell line, or in the erythroid cell lines K562 and AS-E2. 

Patients with total deficiency of protein 4.2 carried missense mutations of the 
protein 4.2 gene, i. e.: (1) homozygotes with the Nippon type (424 G—»A: codon 
142 GCT—>ACT; Thr—»Ala) [15], (2) homozygotes with protein 4.2 Komatsu (523 
G—»T: codon 175 GAT-^TAT; Asp—>Tyr) [16]; or (3) compound heterozygotes 
with protein 4.2 Shiga (424 G—»A: codon 142 GCT—»ACT; Thr—>Ala, and 949 
C—>T: codon 317 CGC—>TGC; Arg—tCys) [17]. No abnormalities were detected in 
the sequence of the promoter regions of the protein 4.2 gene in these patients. Pro¬ 
tein 4.2 was totally absent from red cell ghosts in these patients where the cyto¬ 
skeletal network was affected, as observed by electron microscopic examinations. 
In addition, two patients in a hereditary spherocytosis family with frameshift mu¬ 
tations of the band 3 gene (band 3 Fukuyama I: codon 112—113: two nucleotide 
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deletion of -AG or -GA) were also studied [10]. In these cases, the contents of band 
3 and protein 4.2 of the normal controls were decreased by 17 and 11%, respec¬ 
tively. The phenotype of hereditary spherocytosis was transmitted with autosomal 
dominant inheritance. 

One proband and two heterozygotes of a hereditary spherocytosis family with 
missense mutations of the band 3 gene (band 3 Fukuoka: 338 G—»A: codon 130 
GGA—>AGA; Gly—>Arg) have been investigated [10]. The band 3 and protein 4.2 
contents of normal subjects were reduced by 30 and 60%, respectively. The pro¬ 
band carried the mutation at the binding site of the band 3 protein to the protein 
4.2 molecule. This mutation led to a critical reduction in the protein 4.2 content. 

The disorder showed autosomal recessive inheritance. 

A patient with a de novo mutation of the [1-spectrin gene (p-spectrin Nagoya) has 
also been studied [18]. In the patient, the [1-spectrin (p 220 / 217 ) molecule was truncated 
(6205 G—>T: codon 2069 GAG—>TAG: Glu—»stop codon), only 16.3 % of the entire (I- 
spectrin sequence remained, although the total amount of P-spectrin was not 
altered. The clinical symptoms were moderate, uncompensated hemolytic anemia. 


8.2 

Number of 5’-CG-3’ Dinucleotide Sites and Their States of Methylation 

In the promoter regions of the three genes of P-spectrin, band 3, and protein 4.2, 
the number of 5’-CG-3’ dinucleotides was most abundant (CpG-rich regions) in 
the P-spectrin gene, less in the band 3 gene promoter, and least in the protein 
4.2 gene promoter [19] (Fig. 8.1). The results indicate that the 5’-CG-3’ dinucleo¬ 
tides were most preserved in the P-spectrin gene. The 5’-CG-3’ dinucleotides in 
the promoter region of the P-spectrin gene were completely unmethylated (Fig. 
8.2). These observations demonstrate that 5’-CG-3’ dinucleotides were most pre¬ 
served in SPTB. The genetic functionality of p-spectrin as one of the most essential 
membrane proteins in the construction of the cytoskeletal network should remain 
uncompromised. Thus, it is not surprising to find all 5’-CG-3’ dinucleotides in this 
promoter in the unmethylated state. In contrast, the promoters of the band 3 gene 
and protein 4.2 gene were generally hypermethylated. 

When the bisulfite protocol of the genomic sequencing method was applied, 
there was heterogeneity to the extent that there was methylation of each 5’-CG- 
3’ position in this DNA segment [19]. In the DNAs of peripheral mononuclear 
cells, the 5’-CG-3’ sites in the promoter of the band 3 gene were essentially heavily 
methylated although considerable variability from site to site existed (Fig. 8.2). 
Some sites of 5’-CG-3’ dinucleotide sequences consistently showed levels of methy¬ 
lation lower than the other sites. The two distinctly hypomethylated sites were ob¬ 
served in the band 3 promoter. While the significance of this observation is as yet 
unknown, it underlines the notion of highly specific and unique patterns of DNA 
methylation in the human genome and its possible contribution to the architecture 
of chromatin. In the regions of the promoter and exon 1 of the protein 4.2 gene, 
38—100% of the 5’-CG-3’ sequences were methylated [19] (Fig. 8.2). It is also ap- 
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Figure 8.1 Number and location of 5’-CpG-3’ sites and endonuclease cleavage sites in the 
promoter regions of the genes of red cell membrane proteins (|3-spectrin, band 3, and protein 4.2). 
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Figure 8.2 The extent of methyiation (%) at the 5’-CpG-3’ sites of the promoter region of 
genomic DNAsss of band 3, protein 4.2 and (3-spectrin obtained from normal human mono¬ 
nuclear cells in peripheral blood. 
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parent that mononuclear cells from peripheral blood and erythroid cells, which 
were enriched to 92 % on day 15 of the second phase in the two-phase liquid cul¬ 
ture method, did not significantly differ in the extent of the 5’-CG-3’ methylation 
in the genome segments analyzed. Hence, the results of analyses on peripheral 
mononuclear cells were also representative for cells of the erythroid lineage. 


8.3 

Transcriptional Activity of EPB3 and ELB42 in Various Human Cell Types 

Reverse transcription and PCR amplification of transcription products are the most 
sensitive methods for detecting transcripts in the total RNA of human cells, al¬ 
though the method has limits in precisely quantitating the relative amounts of 
transcripts. Total RNA was isolated from erythroid committed cells of K562 and 
AS-E2 (provided courtesy of Professor M. Tomonaga, Nagasaki University, Japan) 
[20] in culture, from the erythroblastic cell line UT-7 (provided courtesy of Profes¬ 
sor N. Komatsu, Jichi Medical School, Japan) [21, 22] treated with EPO (UT-7/ 
EPO), or from the latter cell line after stimulation with granulocyte macrophage 
colony stimulating factor (GM-CSF). Upon erythropoietin treatment of UT-7 
cells (UT-7/EPO), the band 3 gene and protein 4.2 gene were transcribed, this 
being apparent from the strong PCR signals and the verified authentic nucleotide 
sequences of both PCR products. After GM-CSF stimulation of UT-7 cells (UT-7/ 
GM), band 3 transcripts were not found. The protein 4.2 gene transcript was barely 
identifiable. Both genes were transcribed in the UT-7/GM cell lines, when GM-CSF 
was replaced by EPO (UT-7/GM/EPO). In the erythroid cell lines K562 and AS-E2, 
transcription of the band 3 gene, but not of the protein 4.2 gene, was detected. It 
was concluded that, in UT-7/EPO or UT-7/GM/EPO cells, the band 3 gene and pro¬ 
tein 4.2 gene were transcribed [19]. GM-CSF treatment by itself eliminated tran¬ 
scription almost completely. In cell lines K562 and AS-E2, the band 3 gene, but 
not the protein 4.2 gene, was transcribed [19]. 


8.4 

Methylation in EPB3, ELB42, and SPTB Promoters During Erythroid Development 
and Differentiation 

As described previously, the spectrins are expressed in early erythroid precursors, 
such as in pronormoblasts [23, 24]. Band 3 was expressed nearly at the same stage, 
protein 4.1 follows, and protein 4.2 was expressed at the very late erythroblast stage, 
when studied by the two phase liquid culture method, or by utilizing erythroblasts 
from normal human bone marrow (Fig. 7.9). Hence, the protein 4.2 gene appeared 
to be a suitable model to study the role of 5’-CG-3’ methylation in its promoter for 
the sequential expression of the gene during human erythroid development and 
differentiation [23, 24]. In mononuclear cells from peripheral blood, these dinucleo¬ 
tides in the protein 4.2 promoter were methylated (Fig. 8.2). The cells on day 0 of the 
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(A) Extent of DNA methylation (%) at the 5'-CG-3' sites of the promoter Region of 
the band 3 and protein 4.2 genes in erythroid cells at day 15 of the second 
phase by the two-phase liquid culture method. 
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(B) Extent of DNA methylation (%) in the promoter region of the band 3 and protein 4.2 

genes in cell lines (UT-7/EPO) derived from the cell line UT-7 after the addition of erythropoietin. 
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Figure 8.3 State of methylation. (A) Extent of DNA methylation (%) in the 5’-CG-3’ sites of the 
promoter region of the band 3 and protein 4.2 genes in erythroid cells at day 15 of the second 
phase by the two phase liquid culture method. (B) Extent of DNA methylation (%) in the 
promoter region of the band 3 and protein 4.2 genes in cell lines (UT-7/EPO) derived from the 
cell line UT-7 after the addition of erythropoietin. 
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second phase (1 % erythroblasts) as well as on day 15 with 92 % erythroblasts of the 
two-phase liquid culture method demonstrated that the 5’-CG-3’ dinucleotides in 
the protein 4.2 gene were methylated (Fig. 8.3A) to the same extent as those in 
white cells from peripheral blood [19]. 

A UT-7 cell line (UT-7/EPO) was erythroid-committed in the presence of erythro¬ 
poietin (EPO), contrary to the non-erythroid control cell line UT-7/GM with ery¬ 
thropoietin and GM-CSF. In the erythroid committed cell line UT-7/EPO, the 5’- 
CG-3’ dinucleotides in the band 3 gene promoter were methylated about 50% 

[19]. In contrast, in the protein 4.2 gene promoter, the 5’-CG-3’ dinucleotides 
were completely unmethylated at the early erythroid precursor stage, that is, at 
the stage preceding the proerythroblasts [19] (Fig. 8.3B). In a differentiation-depen- 
dent fashion, the 5’-CG-3’ dinucleotides could turn from unmethylated to methy¬ 
lated at the stage before proerythroblasts. In the P-spectrin gene promoter, the 5’- 
CG-3’ dinucleotides remained consistently unmethylated throughout the entire 
cycle of erythroid differentiation [19]. 

Thus, the 5’-CG-3’ dinucleotides of the protein 4.2 gene promoter were totally 
unmethylated in the early erythroid precursors of cell line UT-7/EPO, even in 
the presence of erythropoietin [19] (Fig. 8.3). During erythroid development and 
differentiation, mRNA from the protein 4.2 gene was not expressed [24]. This 
mRNA arose only on day 3 of the second phase in the two-phase liquid culture 
method [24]. At this stage of differentiation, the 5’-CG-3’ dinucleotides in the pro¬ 
tein 4.2 gene promoter were methylated [19]. Membrane protein 4.2 molecules 
were expressed at the very late erythroblast stage [24]. In the P-spectrin gene pro¬ 
stage of differentiation 
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Figure 8.4 The sequential events of the expression of protein 4.2 during differentiation of human 
erythroid cells. 
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moter and band 3 gene promoter, we could not evaluate the contribution of methy- 
lation to the sequential expression ofmRNA and their membrane proteins, because 
these membrane proteins were already expressed in early erythroid precursors. 

Summarizing the state of promoter methylation, gene transcription, and protein 
expression of the band 3 and protein 4.2 genes at different stages of differentiation 
and maturation for cells of the erythroid lineage (Fig. 8.4), the activity of the methy¬ 
lated promoter segments of the genes EPB3 and ELB42 might be explained by 
trans-acting transcription-stimulating factors present in UT-7 cells upon erythro¬ 
poietin stimulation. In a very different system of mammalian cells and adenoviral 
promoters, it has previously been demonstrated that the OS-transcribed genes of 
the early E1A region of human adenovirus type 2 (Ad2) are capable of overcoming 
(at least in part) the inactive state of the 5’-CCGG-3’ methylated E2A promoter 
of the Ad2 genome, which has been studied in detail for the effect of sequence- 
specific promoter methylation on promoter activity [3—8]. 


8.5 

Methylation in the Disease States 

There are numerous reports on mutations in red cell membrane disorders. Most of 
these mutations affect the coding regions of the affected genes. The most frequent 
red cell membrane disorder is hereditary spherocytosis. These mutated alleles are 
frequently not expressed [10, 25, 26]. A mechanism by which a mutated allele is 
silenced would be beneficial for the organism, because the mutated allele may 
have deleterious effects [27—32]. One of the candidates for the repression of a mu¬ 
tated gene is methylation. The following patients were studied. (1) Three types of 
total deficiency of protein 4.2 (protein 4.2 Nippon, protein 4.2 Komatsu, and pro¬ 
tein 4.2 Shiga). The probands chosen for analyses were homozygotes or compound 
heterozygotes in trans of the mutated ELB42 with its missense mutations. (2) A 
proband with band 3 Fukuyama, where the patient was heterozygous for the frame- 
shift mutation of EPB3. (3) A homozygous patient with a missense mutation of 
EPB3 (band 3 Fukuoka). (4) A heterozygous patient with a (3-spectrin anomaly 
(P-spectrin Nagoya) with the frameshift mutation of SPTB. (5) Five patients with 
hereditary spherocytosis of unknown etiology, in whom no gene mutations were 
present regarding SPTB, EPB3, ELB42, and the ankyrin gene. 

In homozygotes with three different types of total protein 4.2 deficiency, the states 
of methylation in the 5’-CG-3’ dinucleotides of the EPB3 and ELB42 were the same 
as those in normal individuals [19]. In the heterozygous proband of P-spectrin 
Nagoya, there was no methylation observed, as described in normal subjects [19]. 
Depite the presence of the mutated allele, which was expressed with the aberrant 
P-spectrin molecule (approximately 16% of total P-spectrin content), the promoter 
remained unmethylated [19]. In a heterozygous proband with band 3 Fukuyama I, a 
frameshift mutation in EPB3, the 5’-CG-3’ dinucleotides in EPB3 and ELB42 pro¬ 
moters remained methylated, as in normal subjects [19]. Lastly, no significant changes 
were observed in the states of methylation of EPB3, ELB42, and SPTB promoters in 
the patients with hereditary spherocytosis without known gene mutations [19]. 
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Disease States of Red Cell Membranes: 
Their Genotypes and Phenotypes 


A clue to the pathobiology and diagnosis of red cell membrane disorders has been 
provided mainly through red cell shape abnormalities, although the molecular 
pathology and the characterization of mutations of membrane proteins in relation 
to the underlying changes of these disorders have been studied extensively because 
of the progress made in the characterization of the structure and function of red 
cell membrane proteins and their genes (Tables 1.1 and 1.2). In clinical hemotol- 
ogy, the red cell shape abnormalities are still widely utilized for first step-diagnoses 
before further detailed characterization of the phenotype and genotype of these dis¬ 
orders. Therefore, the following Chapters (10 to 13) categorize the disease states of 
red cell membranes according to morphological and clinical phenotypes: (i) heredi¬ 
tary spherocytosis (HS); (ii) hereditary elliptocytosis (HE) including hereditary py- 
ropoikilocytosis (HPP), and Southeast Asian ovalocytosis (SAO); (iii) hereditary sto- 
matocytosis (HSt); (iv) acanthocytosis, and (v) spur cells and target cells. 

The molecular abnormalities specific to each membrane protein and lipid are 
also outlined in the subsequent Chapters (Chapters 14—17). 

The structure and functions of normal red cell membranes that have already 
been described in detail in the previous Chapters 2—8, should assist in the under¬ 
standing of the descriptions of the pathological states of red cell membranes in the 
following Chapters (10—17). 

An interesting and useful hypothesis has been proposed that red cell membrane 
disorders can be categorized into two groups, that is, (1) abnormalities in vertical 
interactions of membrane components, and (2) those in their horizontal interac¬ 
tions (Fig. 2.2) [1]. 

The vertical interactions consist mainly of spectrin—ankyrin—band 3 interac¬ 
tions, the protein 4.1—glycophorin C linkage, and the interactions of the skeletal 
proteins, that is the membrane lipids (especially, PE and PS) with a negative 
charge, which are located at the inner leaflet of the lipid bilayer. The role of 
these interactions has been speculated as being to stabilize the lipid bilayer of 
the red cell membranes. HS is considered as the most typical example in the dis¬ 
order of the vertical interactions. In fact, one common feature of red cell abnorm¬ 
alities in HS is a weakening of the vertical contacts between the skeletal network 
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and integral proteins in the overlying lipid bilayer. As a result, the lipid bilayer be¬ 
comes destabilized and loses membrane lipids from the bilayer as skeleton-free 
lipid vesicles. Through this process, the membrane surface area is reduced to pro¬ 
duce microspherocytosis. This hypothesis is indeed attractive. However, the inter¬ 
actions between membrane proteins are not as simple as this, but are more com¬ 
plex than can be accounted for by this model of vertical interaction alone. 

The horizontal interactions involve the self-association of spectrin to form its tet- 
ramers, which are the most important component of the cytoskeletal network, and 
the interactions of the distal ends of the spectrin tetramers with protein 4.1 and 
actin, which result in the formation of the junctional complex. These horizontal 
interactions are proposed as a way of supporting the structural integrity of red 
cells after their exposure to shear stress. HE is considered as the most typical ex¬ 
ample in the disorder of the horizontal interactions. The weakened horizontal in¬ 
teractions produce a disruption of the skeletal lattice, due to skeletal instability 
especially under the shear stresses, and make the red cell shapes more ovalocytic 
and elliptocytic. 

Although this hypothesis is basically relevant to the understanding of the patho¬ 
genesis of membrane abnormalities, it is however not applicable to all red cell 
membrane disorders. For example, a critical role of protein 4.2 was not considered 
at the time of this proposal, because the exact functions of this protein were not 
elucidated at that time. Total deficiency of protein 4.2 is now known to demonstrate 
serious abnormalities both of the vertical interactions (such as the disorganization 
of band 3) and also of the horizontal interactions (such as the instability of the cy¬ 
toskeletal network) at the same time. In addition, in HE, the ovalocytic red cells of 
SAO with the mutated band 3 protein are rigid and hyperstable rather than un¬ 
stable, as seen in a conventional HE. P-Spectrin abnormalities are observed in 
HE, but also in some patients with HS (Fig. 1.5). There are many other known ex¬ 
ceptions to the strict application of this hypothesis for all the red cell membrane 
disorders in general. The details are discussed in the following sections. 


9.1 

Incidence of Red Cell Membrane Disorders 

A detailed report on the incidence of red cell membrane disorders has never been 
published, because no well-controlled field studies have been performed. However, 
a nationwide survey on the incidence of hemolytic anemias was carried out in 1974 
under the direction of the Project for Hemolytic Anemias of the Japanese Ministry 
of Health and Welfare [2]. Two hundred and fifty-six cases of congenital hemolytic 
anemias were registered by university hospitals and major hospitals in Japan. Al¬ 
though the absolute number of such patients registered was fairly limited, the re¬ 
lative incidence of hemolytic anemias of different pathogeneses could be demon¬ 
strated. As a result of this study survey, most of the congenital hemolytic anemias 
in Japan were recognized as membrane disorders, predominantly hereditary spher¬ 
ocytosis (181 cases; 70.7% of the total). The incidence of HE (seven cases; 2 . 7 %) 
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appeared fairly low, because the survey was limited only to the hemolytic anemias 
with overt symptoms. Other membrane disorders, such as hereditary stomatocyto- 
sis and others, were not itemized in this particular survey. The incidence of hemo¬ 
globinopathies (12 cases; 4.7%) and of enzymopathies (15 cases; 5.9%) was ex¬ 
tremely low, in contrast to the much higher incidence of red cell membrane disor¬ 
ders (73.4% of the total congenital hemolytic anemias). 

During the last two decades, the pathogenesis and molecular mechanisms of red 
cell membrane disorders have been elucidated extensively, and the classification of 
these disorders per se appears to require a reevaluation based on biochemical, med¬ 
ical genetic, and molecular electron microscopic findings. 

For the last 26 years, the red cell membrane disorders of 1014 patients from 605 
families in the Japanese population referred to us randomly for detailed studies 
have been examined in a single laboratory in the Division of Hematology of Kawa¬ 
saki Medical School using the same consistent standardized protocol [3]. Mem¬ 
brane protein abnormalities were identified in 825 patients (81.4% of the total) 
from 438 families and membrane lipid abnormalities were found in 41 patients 
(4.0 %) from 27 families. Disorders of unknown etiology were diagnosed in 148 
patients (14.6%) from 140 families (Table 9.1). Therefore, HS appears to be the 
most common red cell membrane disorder in the Japanese population [3]. 

Most of the protein 4.2 (P4.2) anomalies (34 patients from 20 families) were in¬ 
corporated into the category of HS, except for seven cases of two traits with doublet 
P4.2 anomalies, which demonstrated hereditary stomatocytosis (HSt) [3]. 


Table 9.1 Incidence of hereditary red cell membrane disorders in Japanese population, as studied 
at Kawasaki Medical School (1975—2000). 


Disorder 

No. of 
families 

No. of 

cases 

Percent (%) 

Membrane protein abnormalities 

438 

825 

81.4 

Hereditary spherocytosis (HS) 

303 

581 

57.3 

Hereditary elliptocytosis (HE) 

68 

137 

13.5 

Hereditary stomatocytosis (HSt) 

64 

104 

10.2 

Glycophorin abnormalities 3 

3 

3 

0.3 

Membrane lipid abnormalities 

27 

41 

4.0 

Hereditary high red cell membrane 
phosphatidylcholine hemolytic anemia (HPCHA) 

19 

31 

3.1 

Congenital LCAT deficiency 

1 

1 

0.1 

Congenital ( 3 -lipoprotein deficiency (Acanthocytosis) 

6 

8 

0.8 

Congenital a-lipoprotein deficiency (Tangier desease) 

1 

1 

0.1 

Unknown etiology 

140 

148 

14.6 

Total 

605 

1014 

100 


“ Glycophorin (GP) abnormalities include each one case of GP-A deficiency (En[a—]), GP-B deficiency, 
and Miltenberger V anomaly LCAT, lecithin: cholesterol acyltransferase. Total deficiency of protein 
4.2 (34 patients from 20 families) was incorporated into the category of HS, except for seven cases of 
two traits with doublet protein 4.2 anomalies, which demonstrated HSt. 
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Before discussing the incidence of red cell membrane disorders in detail, it 
should be noted that several biases exist in this study. First of all, the results are 
totally based on the patients at our own clinic or those referred to us from other 
institutions all over Japan for detailed investigation, and not on a field survey 
study. Secondly, blood specimens of suspected red cell membrane disorders were 
sent to us for two major purposes, that is: (1) to obtain an adequate diagnosis 
for these cases, and (2) to obtain more information on the pathogenesis of specific 
patients (by precise protein chemistry and gene analysis), even when a diagnosis 
had already been made at the initial institutions. Thirdly, the diagnosis on red 
cell membrane disorders is dependent on the criteria used to make that diagnosis. 
Fourthly, the determined incidence of red cell membrane disorders is totally depen¬ 
dent on the screening protocol. In our laboratory, membrane lipid analysis and 
membrane monovalent cation transport have been incorporated into the protocol 
since 1975, when we initiated membrane studies. Therefore, red cell membrane 
disorders with membrane lipid abnormalities or membrane transport abnormal¬ 
ities have been intensively examined in our laboratory. 

Many biases are obviously present as mentioned above, and there should be 
severe reservations because of these factors. Flowever, our outline of the relative 
incidence of red cell membrane disorders should still be useful and informative 
for clinical hematology. 

The cases studied were essentially classified on the basis of the findings from 
clinical hematology, especially through red cell morphology in the peripheral 
blood. When some specific findings were obtained by detailed investigation, the di¬ 
agnosis tended to be made based on those specific observations, namely for specific 
membrane protein abnormalities (spectrin, band 3, protein 4.1, protein 4.2, etc.), 
and membrane lipid abnormalities, such as hereditary high red cell membrane 
phosphatidylcholine hemolytic anemia (HPCFIA), congenital lecithin: cholesterol 
acyltransferase (LCAT) deficiency, and others. 

The last factor to be considered is the progress in red cell membrane research. 
Even in the early stage of our investigation in 1975, our routine screening system 
already included red cell morphology (mainly by scanning electron microscopy: 
SEM), SDS—PAGE for membrane proteins, membrane lipids, and sodium trans¬ 
port (influx and efflux, red cell sodium and potassium contents, and the enzymatic 
activities of ATPases). Spectrin kinetics were incorporated into our study system 
around 1984. Biophysical studies (ektacytometry, electron spin resonance, etc.) 
were added to the protocol in 1982, and band 3 kinetics were begun in 1990. 
Gene analysis also began in 1990. Therefore, better elucidation of the molecular 
abnormalities in these red cell membrane disorders has gradually become possible 
at different levels of investigation. 

The relative incidence of red cell membrane disorders studied in our laboratory 
was basically similar to that in other laboratories in other countries (the United 
States, France, etc.) (Professors Jean Delaunay, Lyon, currently in Paris, France 
and Jiri Palek, Boston, USA: personal communications), except for the higher in¬ 
cidence of membrane lipid abnormalities (especially HPCFIA), and hereditary sto- 
matocytosis, which may be due to the fact that membrane lipids and sodium fluxes 
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are not included in the routine protocol in these foreign laboratories [3]. Primary 
protein 4.2 anomalies are also specific to Japan [4, 5]. Only a few families have 
been discovered in a non-Japanese population, and these were found in Tunisia, 
Portugal, Italy and France. 

Our large scale studies on the phenotypic expression of hereditary stomatocytosis 
were unique. It was surprising that in 27 % of the patients with this disorder, there 
was normal sodium influx, contrary to the commonly-held belief that stomatocyto¬ 
sis could be related to cell water abnormalities due to impaired cation transport [6]. 
Stomatocytosis with mildly increased sodium influx was difficult to differentiate 
from classical HS. The patients without microspherocytosis were classified as he¬ 
reditary stomatocytosis in addition to other findings in clinical hematology. There¬ 
fore, in general, stomatocytosis does not necessarily imply impaired membrane 
transport, to which band 7 appeared not to be directly related. 

As for the molecular abnormalities of the red cell membrane disorders of the pa¬ 
tients studied, many anomalies were identified at the level of protein chemistry. 

The most striking difference was present in the abnormalities of a-spectrin 
(Fig. 1.5). In Japan, only one family (HE a 1/74 ) was detected in the HE studied 
[3], contrary to the findings in other countries, where numerous abnormalities 
of a-spectrin have been found, and where around two-thirds of HE could be due 
to a-spectrin mutations. 

The frequency of a LELY polymorphism in the normal Japanese population was 
nearly identical to that in France [7]. Since the low expression gene (a LELY ) was pres¬ 
ent in Japan to the same extent as that in France, one could expect the same in¬ 
creased expression of a-spectrin mutation in Japan. Fortunately, however, the fre¬ 
quency of a-spectrin gene anomalies appeared extremely low in Japan. By contrast, 
the prevalence of (S-spectrin anomalies in Japan appeared to be the same as that in 
other countries, because three P-spectrin mutations, spectrin Tokyo (p 220 / 216 ) > spec¬ 
trin Le Puy in Yamagata (p 220 / 214 ) and spectrin Nagoya (JS 220/217 ), were detected in 
Japan [3] amongst the 20 P-spectrin mutations reported worldwide. 

It is also interesting that most of the cases of HE (81 %) in Japan appear to be 
due to a partial protein 4.1 deficiency [3], compared with those in other countries, 
where only one-third of the HE cases have been protein 4.1-deficient. 

There is no question that protein 4.2 anomalies are definitely unique to Japan [4, 

5]. Several phenotypic differences exist among the families with protein 4.2 defi¬ 
ciency. The protein 4.2 deficiency of the Nippon type (GCT—>ACT at codon 142), 
which is a major category of protein 4.2 deficiency in Japan, demonstrates ovalos- 
tomatocytosis, contrary to the other types of protein 4.2 deficiency, in which their 
phenotypes appeared as HS [8]. Generally speaking, homozygotes of a point muta¬ 
tion (GCT—>ACT at codon 142 in protein 4.2 gene) demonstrate complete defi¬ 
ciency of protein 4.2 in red cells. Heterozygotes, on the other hand, show no defi¬ 
ciency of protein 4.2 and are clinically normal. 
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9.2 Screening Procedures for Membrane Disorders 

The patients from the out-patient clinic of the Division of Hematology, Department 
of Medicine, Kawasaki Medical School and those referred to us from institutions all 
over Japan were studied basically by the determined protocol (Table 9.2). They were 
initially screened for congenital disorders with red cell membrane abnormalities 
from the standpoints of clinical history, clinical hematology, particularly with re- 


Table 9.2 Screening protocol for red cell membrane disorders at Kawasaki Medical School. 


( 1 ) Red cell morphology 


( 2 ) Red cell membrane 
proteins 


( 3 ) Biophysical studies 


( 4 ) Membrane lipids 


( 5 ) Membrane transport 


( 6 ) Gene analysis 


( 7 ) Development and 
expression of 
membrane proteins 


Phase contrast microscopy 
Scanning electron microscopy 

Intramembrane particles (IMP) (freeze-fracture method) 
Cytoskeleton (quick-freeze deep-etching method, negative stain¬ 
ing, and surface replica method) 

Field-emission scanning electron microscopy (FE-SEM) 
Immuno-electron microscopy 

SDS—PAGE (Fairbanks, Laemmli) 

Extracted spectrins 

Dimer—tetramer conversion 
Tryptic digestion 

Two-dimensional peptide mapping 
Inside-out-vesicles (IOV) 

Binding studies with ankyrin, protein 4.2 
Cleavage studies 

Oligomerization of band 3 (HPLC) 

Membrane deformability (ektacytometry) 

Mechanical stability 

Fluorescence recovery after photobleaching (FRAP) for band 3 

Thin layer chromatography (TLC) 

Fatty acid composition 

Membrane fluidity (electron spin resonance, ESR) 

Na + flux (influx, efflux) 

Red cell Na + , K + content 
Enzymatic activities of ATPases 
Anion transport (SO 4 - , PO 4 - ) 

mRNA content 

Universal cDNA by reverse transcriptase—PCR 
Genomic DNA 

Epigenetic control mechanism by DNA methylation 

Two-phase liquid culture system using BFU-E in peripheral blood 
Expression of mRNA and membrane proteins 
Intracellular expression of membrane proteins 


( 8 ) Surface markers Blood group antigens 

Sialic acid content 
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gard to abnormal red cell morphology, and other specific laboratory examinations. 

Most of these patients demonstrated increased hemolysis except for some patients 
with hereditary elliptocytosis and hereditary stomatocytosis. Hemoglobinopathies 
and enzymopathies, if suspected, were excluded from this study by direct biochem¬ 
ical measurements, although previous studies have shown these disorders to be 
rare in Japan [2]. 
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10 

Hereditary Spherocytosis (HS) 


10.1 

Definition and History 

Hereditary spherocytosis (HS) is a clear indicator of congenital red cell membrane 
disorders in the Caucasian and Japanese populations. This disorder is character¬ 
ized by the presence of microspherocytosis on a smear from peripheral blood 
(Fig. 10.1). The most common form is a hemolytic anemia of autosomal dominant 
inheritance with variable clinical severity. 

In 1871, Vanlair and Masius in Liege of Belgium [1] encountered a family with 
jaundice and splenomegaly, in which small and spheroid red cells (4 pm in dia¬ 
meter) on their peripheral smears were observed under a light microscope (Fig. 
1.2). They reported their observations at the Belgium Royal Academy of Medicine 
as “de la microcythemie”. This report is believed to be the first description of HS to 
speculate that the pathogenesis of the jaundice lay in the increased destruction of 
the “globules atrophiques” as discussed in Section 1.2. 

In 1893, Wilson and Stanley in England reported a hereditary disorder with an¬ 
emia, splenomegaly, jaundice, and gallstone episodes, although no morphological 
characteristics of the red cells were described. 


Figure 10.1 A scanning electron 
micrograph of typical microspherocy¬ 
tosis in peripheral blood of a patient 
with hereditary spherocytosis. 
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Oskar Minkowski, who was a German physician of Russian descent, in 1900 re¬ 
ported on eight members of a family of “hereditarer chronischer Ikterus” with life¬ 
long jaundice and marked splenomegaly, in spite of the fact that he described nor¬ 
mal red cell morphology in these family members. 

The most impressive observation was made by Anatole Chauffard (France) in 
1907 [2]. He saw a 24 year old man with congenital jaundice, who showed gallstone 
episodes, marked anemia, and positive urobilinuria. He first examined the so- 
called osmotic fragility test utilizing the patient’s red cells, this test having initially 
been invented by Vaquez. Three affected members of this family with “l’ictere con¬ 
genital de l’adulte” demonstrated a marked reduction in osmotic resistance in their 
red cells. Furthermore, he described that the mean red cell diameter in their red 
cells was much smaller (5.89 pm: 7.5—4.0 pm) than in normal subjects, indicating 
the presence of microcytosis, which was osmotically less resistant. Thus, his de¬ 
scription is considered to be the first observation on the abnormal membrane func¬ 
tion in HS red cells. 

Gansslen completed clinical observations on HS in 1922 [3]. He described care¬ 
fully and thoroughly the “hamolytischer Ikterus”, with respect to autosomal domi¬ 
nant inheritance, factors accelerating hemolysis (common cold, infections, men¬ 
struation, pregnancy, etc.), and the presence of increased erythropoiesis. He classi¬ 
fied this disorder into the three clinical forms, that is: (1) kfassische (polysympto- 
matische) Form, (2) oligo-oder-monosymptomatische Form, and (3) kompensierte 
Form (ohne Ikterus und Anamie). In addition, he pointed out the presence of 
sporadic cases, which were speculated to be due to a de novo mutation, and also 
a successful splenectomy as the treatment of this disorder. Therefore, an overview 
of HS had already been established in the 1920s from the standpoint of both red 
cell membrane abnormalities and a splenic contribution to the microspherocyte 
formation. 


10.2 

Clinical and Laboratory Findings 

A typical clinical picture of HS [4—6] is composed of two factors, that is, (1) in¬ 
creased hemolysis, and (2) enhanced erythropoiesis as a compensatory mechanism 
for increased hemolysis. Increased hemolysis indicates the presence of jaundice 
and gallstones due to hyperbilirubinemia especially for the indirect form, and 
splenomegaly as the site of increased red cell sequestration and destruction. En¬ 
hanced erythropoiesis demonstrates increased reticulocytosis and the presence of 
nucleated red cells in the peripheral blood smear. However, the most critical indi¬ 
cator is the presence of microspherocytosis in the peripheral blood smear (Fig. 
10.1). In this disorder, the presence or absence of anemia or the extent of anemia, 
if present, is dependent on the balance between the extent of increased hemolysis 
and that of enhanced erythropoiesis. 

A nationwide survey of HS was carried out by the Committee for Studies on He¬ 
molytic Anemias for the Japanese Ministry of Health and Welfare in 1974—1977 [7]. 
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At the time of diagnosis, jaundice was observed in 86% of the 144 HS patients, 
splenomegaly in 76.4%, and gallstone in 22.2%, respectively. It is interesting to 
note that no cases of leg ulcers or the appearance of extramedullary hematopoietic 
tumors were observed, contrary to its higher incidence in sickle cell anemia and 
patients with severe thalassemias. The age of the first visit to medical clinics 
was 17.0 ± 15.2 years. The size of the spleen was 2.3 ± 1.5 finger-widths below 
the right costal margin [7]. 

In the peripheral blood, red cell counts were 3.07 ± 0.62 X lOVlT 1 , hemoglobin 
(Hb) 9.9 + 2.1 g dlT 1 , hematocrit (Hct) 27.8 + 5.4%, reticulocytes 12.2 ± 10.0% (or 
0.37 ± 0.32 X 10 6 plT 1 ), respectively. The mean corpuscular volume (MCV) of red 
cells and the mean corpuscular hemoglobin concentration (MCHC) was 90 + 12 fL 
and 36.0 ± 3.8% , respectively, in the HS patients with marked spherocytosis, and 
96 ± 12 fL, and 35.0 ± 3.2%, respectively, in those with minimal spherocytosis [7]. 

Considering the extent of increased hemolysis, total bilirubin and indirect bili¬ 
rubin in the plasma of the HS patients, these were 4.00 ± 2.12 mg dL _1 and 
3.16 ± 2.09 mg dL~\ respectively [7]. 

As for the extent of erythropoiesis of the bone marrow, the nucleated cell counts 
(NCC) was 0.34 ± 0.15 X 10 6 pL '. The erythroid cells were 51 + 16% (or 0.18 ± 

0.10 X 10 6 pL _1 ) of these nucleated marrow cells. The apparent half-life (T 1/2 ) of red 
cell survival by the Cr 51 method was significantly decreased (9.9 ± 4.0 days) in the 
HS patients [7]. 

Based on the extent of the severity of clinical manifestations, HS can be categor¬ 
ized into three forms, that is, a typical classical form, a mild form including a car¬ 
rier state, and a severe form [4—6]. 

Regarding a typical classical form of HS, the patients are relatively asympto¬ 
matic, although mild jaundice owing to the presence of increased hemolysis is 
usually present. In most patients, splenomegaly can be detected, as mentioned be¬ 
fore. Gallstones are also observed in some of the HS patients. The extent of anemia 
is variable from mild to moderate, and may be absent when the increased hemo¬ 
lysis is compensated for by the enhanced erythropoiesis. 

In some patients with the mild form of HS, the reticulocyte count is normal with 
a normal bilirubin level. Microspherocytosis is minimal or barely observed. The os¬ 
motic fragility test can only detect the presence of this disorder, or the silent af¬ 
fected members may only be identified by thorough examination of other affected 
family members. 

In severe cases of HS, red cell transfusion may be required. There are only a few 
patients with HS of the severe form, mainly in Japan [7]. 

As regards laboratory evaluation, the extent of the anemia is not diagnostic, be¬ 
cause anemia may not be present when the increased hemolysis is fully compen¬ 
sated for by the enhanced erythropoiesis. The mean corpuscular volume (MCV) of 
HS red cells could be expected to be low, because of the presence of microspher¬ 
ocytosis. However, as described before, MCV can be only slightly low or even 
normal, because the increased number of reticulocytes, which are usually larger 
in size than normal red cells, elevates the MCV value. In contrast, the elevated 
mean corpuscular hemoglobin concentration (MCHC), which reflects a loss of 
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surface area to cell volume ratio with cellular dehydration, is an excellent indicator 
to detect the presence of microspherocytosis. Increased enzymatic activity of lactic 
dehydrogenase (LDH) is not diagnostic in a mild form of HS, because the extent of 
the increment is usually minimal or the LDH activity may be normal. 

The identification of the presence of microspherocytosis is definitely diagnostic 
(Fig. 10.1). It is not difficult to identify the characteristic cell shape on the periph¬ 
eral blood film. The microspherocytes are small and spherical in shape, lack a cen¬ 
tral pallor, and appear more intensely hemoglobinized. Although microspherocyto¬ 
sis is an indicator of HS, various abnormal red cells on the stomatocytic transfor¬ 
mation (Fig. 2.4), that is, from discocytes, through discostomatocytes and stomato- 
cytes, and finally to stomatospherocytes and spherocytes, are observed on the pe¬ 
ripheral blood smear. 

On some occasions, one may have difficulty in identifying microspherocytes on 
the dry smear obtained from the peripheral blood. Observation of the HS red cells 
utilizing the “wet film" of the blood specimens is an excellent solution to this prob¬ 
lem. A drop of red cell suspension, which is diluted with its autologous plasma, is 
placed on the glass slide and the red cell shape examined by phase-contrast micro¬ 
scopy. One may be able to identify microspherocytes in the three-dimensional 
image, and also to differentiate various cell shapes clearly. This method is also cri¬ 
tically important to differentiating HS from hereditary stomatocytosis (see Chapter 
12), in which the microspherocytes are basically absent. 

Additional morphological features have been reported in some HS patients, for 
examples, pincered (mushroom-shaped) red cells in HS with band 3 deficiency [8, 
9], acanthocytic spherocytes [10] in HS with P-spectrin anomalies, and ovalo-stoma- 
tocytosis in protein 4.2 deficiency, especially of a Nippon type [11]. 

Amongst the various laboratory procedures for diagnosing HS, the osmotic fra¬ 
gility test is the most critical one. The basic concept of this test was first established 
by the observation made by Chauffard as early as 1907 [2]. This test measures the 
in vitro lysis of red cells suspended in solutions of decreasing osmolarity. Since the 
normal red cell membrane is freely permeable to water, the red cell increases its 
volume in hypotonic solutions progressively, until a critical hemolytic volume is at¬ 
tained, and it then ruptures. The amount of hemoglobin, which escapes into the 
supernatant solution through a hole, is determined spectrophotometrically to esti¬ 
mate the osmotic fragility of the red cell membrane. When a loss of membrane and 
the ensuing surface deficiency are present, the critical hemolytic volume of spher¬ 
ocytes is considerably lower than that of normal red cells. As a result, these spher¬ 
ocytic cells hemolyze more than normal red cells when they are suspended in hy¬ 
potonic sodium chloride solutions. It should be noted that any pathological condi¬ 
tions demonstrating spherocytosis could show an increased osmotic fragility. 
Therefore, an increased osmotic fragility does not guarantee the diagnosis of 
HS, such as hereditary stomatocytosis of a hydrocytosis type (see Section 12.2), 
in which water permeability is enhanced tremendously in these red cells. 

The routine osmotic fragility test is composed of two sections. The first one is a 
test utilizing a fresh red cell suspension, and the second is with red cells that have 
been incubated aseptically at 37 °C for 24 h. Defibrinated blood should be used. 
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Characteristically, osmotic fragility curves from unsplenectomized patients with 
HS show a “tail” of very fragile cells. There are two populations of cells, the very 
fragile and the normal or slightly fragile. After splenectomy, the red cells are 
more homogeneous from fragile to normal. The osmotic fragility of red cells 
after sterile incubation at 37 °C for 24 h is also a reflection of their surface area 
to cell volume ratio, but the factors which alter this ratio are more complicated 
than in fresh red cells. The increased osmotic fragility of normal red cells is mainly 
caused by swelling of the cells associated with an accumulation of sodium which 
exceeds the loss of potassium. The cation exchange is determined by the mem¬ 
brane properties of the red cell that control the passive flux of ions and the meta¬ 
bolic competence of the cell, which determines the active pumping of cations 
against concentration gradients. During incubation for 24 h the metabolism of 
the red cell becomes stressed and the pumping mechanisms tend to fail, one factor 
being a relative lack of glucose in the medium. Therefore, the osmotic fragility of 
abnormal HS red cells increases the abnormality after incubation. The minimal ab¬ 
normality of osmotic fragility in HS of a mild form manifests itself after the incu¬ 
bation of the red cells at 37 °C for 24 h, even if these red cells do not demonstrate 
any abnormality in the fresh condition without any incubation. 

Osmotic gradient ectacytometry is also useful (see Section 2.3.4.2), although this 
is only available in specialized laboratories. 

The autohemolysis test is based on the increased spontaneous hemolysis of red 
cells incubated under sterile conditions without glucose at 37 °C for 48 h. This test 
has been widely utilized in clinical hematology to differentiate HS from red cell 
glycolytic enzymopathies. However, this test is being used less frequently, because 
it is no more sensitive than the incubated osmotic fragility test, and also it is fairly 
time-consuming, such as the incubation at 37 ° for 48 h stage. Increased autohe¬ 
molysis was observed in 92.8% of Japanese HS patients [7]. This abnormality was 
corrected by the addition of glucose or adenosine-5’-triphosphate. 


10.3 

Epidemiology and Genetics 

Hereditary spherocytosis is the most common red cell membrane disorder in 
Northern European Caucasians [4—6], with a prevalence of roughly 1 in 5000. In 
the Japanese population, this is especially true in that HS is the most common dis¬ 
ease among the congenital hemolytic anemias, because the gene for sickle cell an¬ 
emia is not present in the Japanese population, and also the incidence of red cell 
glycolytic enzymopathies (especially glucose-6-phosphate dehydrogenase defi¬ 
ciency) is extremely low. Based on the nationwide survey study, which was carried 
out in 1974 at university hospitals and major hospitals specializing in hematology 
that were assigned to the Hemolytic Anemia Study Committee of the Ministry of 
Health and Welfare of the Japanese Government in 1974 [12], the incidence of con¬ 
genital hemolytic anemias, of which HS accounted for 74.2%, was 5.7—20.3 per 
10 6 of the Japanese population, compared with 200—300 per 10 6 in Caucasians. 
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However, very mild forms of this disorder may be much more common in Cauca¬ 
sians and in Japanese. 

The relative incidence of HS among red cell membrane disorders of 1014 pa¬ 
tients from 605 kindred in the Japanese population was 57.3 % (581 cases from 
303 kindred) [13]. In this study, most of the protein 4.2 anomalies (34 patients 
from 20 kindred) were incorporated into the category of HS, except for seven 
cases of two traits with doublet protein 4.2 anomalies, which demonstrated heredi¬ 
tary stomatocytosis. Therefore, HS appears to be most the common red cell mem¬ 
brane disorder in the Japanese population. 

Regarding the genetic inheritance of HS, typically this disorder has been consid¬ 
ered to be autosomal dominantly (AD) inherited. However, a nationwide survey by 
the Hemolytic Anemia Study Committee organized by the Ministry of Health and 
Welfare of the Japanese Government demonstrated that there were a substantial 
number of cases with HS in whom AD transmission was not shown (62 % of 
the total kindred) by conventional examinations in clinical hematology [7, 12]. 
These HS cases of non-AD type are usually classified as “sporadic” cases. In this 
category, three possibilities for the pathogenesis can be considered, i. e., there 
are: (1) patients in whom HS occurred for the first time without hereditary inheri¬ 
tance (so-called “de novo” HS); (2) homozygotes by autosomal recessive (AR) inheri¬ 
tance, among whom heterozygotes of AR inheritance are usually asymptomatic 
and do not appear to be sick; and (3) cases of mild severity even with AD inheri¬ 
tance, in whom the establishment of heredity may be difficult. These three possi¬ 
bilities can be differentiated only by molecular biology analyses. In fact, a homozy¬ 
gous patient of band 3 Fukuoka with AR inheritance [14], and a number of patients 
with total protein 4.2 deficiencies due to protein 4.2 gene mutations [15] as homo¬ 
zygotes or compound heterozygotes have been identified in the Japanese popula¬ 
tion. 

To determine the extent of clinical severity, complete family studies have been 
performed in 79 HS patients from the 60 kindred [16]. Among these patients, 
the HS of 35 from 19 kindred was because of AD inheritance. The remainder of 
the patients (44 cases: 56%) failed to demonstrate AD transmission. Therefore, 
these patients were classified as non-AD transmitted HS. 

In 30 patients from 15 kindred of the AD-HS group, hemoglobin content before 
splenectomy was 12.3 ± 2.0 g dL ', mean corpuscular volume (MCV) 86.8 + 5.6 fL, 
mean cell hemoglobin concentration (MCHC) 35.7 ± 1.1%, reticulocytes 9.7 ± 
5.8%, and indirect bilirubin level 1.6 ± 0.8 mg dlT 1 . In 41 unsplenectomized pa¬ 
tients of the non-AD HS group, hemoglobin was 10.6 ± 1.8 g dlT 1 , MCV 88.1 ± 
4.9 fL, MCHC 34.9 ± 1.4%, reticulocytes 11.9 ± 4.5 %, and indirect bilirubin level 
2.4 ± 1.3 mg dL -1 . Therefore, contrary to the commonly-held belief, clinical HS of 
the AD type and that of the non-AD type were almost identical, both demonstrating 
moderate uncompensated hemolytic anemia with almost the same severity [16]. 
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10.4 

Pathogenesis: Affected Proteins and Their Related Gene Mutations 

Quantitative abnormalities of several membrane proteins have been identified in 
red cells of patients with HS [4—6, 17]. The molecular basis of HS is heteroge¬ 
neous. Based on a densitometric quantitation of membrane proteins separated 
by SDS—PAGE, HS can be categorized into the following subgroups: (1) combined 
partial deficiency of spectrin and ankyrin due to ankyrin gene mutations, (2) partial 
deficiency of band 3 protein due to band 3 gene mutations, (3) partial (3-spectrin 
deficiency due to spectrin gene mutations, (4) total deficiency of protein 4.2 due 
to protein 4.2 gene mutations, and (5) other less common abnormalities. 

In Western countries, combined partial spectrin and ankyrin deficiency is most 
commonly observed (in approximately 55% of HS patients), followed by partial 
band 3 deficiency (approximately 27 %), protein 4.2 deficiency (roughly 3 %), and 
other abnormalities (about 15 %) including P-spectrin anomalies [10, 18, 19]. 

In Japanese HS patients with unrelated families who were studied by 
SDS—PAGE, there were fewer ankyrin deficiencies (7%), a moderate number of 
band 3 deficiencies (20%), and many more protein 4.2 deficiencies (45%), with 
28 % of unknown etiology. 

Based on the abnormalities of membrane proteins, the mutations of these mem¬ 
brane protein-related genes have been identified. Since each kindred of HS has ba¬ 
sically a unique mutation, there appears to be no selective advantage to mutations 
in spite of a few rare exceptions such as total deficiency of protein 4.2 [11, 13, 15], 
in which most of the affected cases are due to a homozygous missense mutation of 
the protein 4.2 gene of the Nippon type. 

10.4.1 

Combined Partial Deficiency of Spectrin and Ankyrin Due to Ankyrin Gene Mutations 

Ankyrin is a large, 206 kDa, 8.3 X 10 nm protein that provides the primary linkage 
between the spectrin—actin based red cell membrane cytoskeleton and the lipid bi¬ 
layer of the plasma membrane. This important cellular localization of membrane 
proteins may be mediated by the relative affinities of the many different isoforms 
of ankyrin for target proteins: membrane skeletal proteins, ion transport proteins, 
and cell-adhesion molecules. The isoform diversity of ankyrin arises from both dif¬ 
ferent gene products and alternative splicing of the same gene product (see Sec¬ 
tions 6.1 and 16.1). 

Ankyrin 1, red cell ankyrin, has been identified in erythroid tissue, brain, and 
muscle. The major form of ankyrin 1 is composed of three domains: (1) an 
89 kDa NH 2 -terminal domain composed of 24 conserved repeats known as a mem¬ 
brane domain that contains the binding site for band 3; (2) a 62 kDa domain that 
contains the binding sites for spectrin and vimentin; and (3) a 55 lcDa COOH-ter- 
minal regulatory domain (Fig. 6.1). Complex patterns of alternative splicings have 
been identified in the region encoding the regulatory domain (see Section 6.1). 
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In Western countries, a combined deficiency of spectrin and ankyrin is the most 
common feature in HS red cell membranes [5, 18, 20—31]. Ankyrin mutations in 
HS (Table 10.1) were first reported in German patients [20]. Frameshift mutations 
and nonsense mutations of the ankyrin gene were found mostly in HS patients of 
autosomal dominant (AD) inheritance, and missense mutations tended to be de¬ 
tected mostly in HS patients ofnon-AD transmission. Frameshift or nonsense mu¬ 
tations are believed to lead to a defective ankyrin molecule, ankyrin deficiency, or 
both. Missense mutations may disrupt normal ankyrin—protein interactions. A list 
of ankyrin gene mutations is shown in Table 10.1. 


Table 10.1 Membrane protein gene mutations in hereditary spherocytosis. 

I. Mutations of the red cell ankyrin 1 (Ank 1) gene in hereditary spherocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher- 






itance 

Promoter 






Unnamed 

- 

-204 C—>G 

- 

Promoter 

AD 

Unnamed 

- 

-153 G—+A 

- 

Promoter 

AR 

Unnamed 

- 

-108 T—>C 

- 

Promoter 

AR 

Unnamed 

- 

—72/—73 2nt del 
(-TG) 

- 

Promoter 

AR 

Band 3-binding domain 





Chiba II 

2-5 

10 nt del: 

-CCCTATTCTG 

PCT 

Frameshift (Del) 

AD 

Nara II 

5 nt after 

27 + 5 G—>C 

Deletion 

Abnormal 

AD 


exon 1 


spliced 

splicing 


Saitama 

111 or 112 

lnt del (—T) 

PCT 

Frameshift (Del) 

S 

Bugey 

146 

4371 nt del (-C) 

PCT 

Frameshift (Del) 

S 

Osterholz 

174 

520-539 del (-20 nt) 

PCT 

Frameshift (Del) 

S 

Shiga 

3—4 nt after 

1 nt ins (+A) 

PCT 

Abnormal 

S 


exon 5 


spliced 

splicing 


Tokyo II 

187-190 

10 nt del: 

-CACGGCTGCG 

PCT 

Frameshift (Del) 

S 

Limeira 

277 

CAC -> CGC 

H277R 

Missense 

AD 

Stuttgart 

329 

985-986 2 nt del 

PCT 

Frameshift (Del) 

AD 



(-GC) 




Bari 

428 

12821 nt del (-G) 

PCT 

Frameshift (Del) 

S 

Walsrode 

463 

GTC—>ATC 

V463I 

Missense 

AR 

Florianopolis 

507 

1519-15201 nt ins 

PCT 

Frameshift (Ins) 

AD 



(+C) 




Laguna 

535 

1605 1 nt del (-A) 

PCT 

Frameshift (Del) 
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I. Continued. 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher¬ 

itance 

Kyoto 

5 nt after end 

of exon 8 

AG gtggg^ AG gtgg c 

Spliced 

Abnormal 

splicing 

AD 

Tokyo III 

571 , 572 or 573 

1 nt del (—C) 

PCT 

Frameshift (Del) 

S 

Napoli I 

573 

17181 nt del (-T) 

PCT 

Frameshift (Del) 

S 

Einbeck 

573 

1717-1718 lnt ins 
(+C) 

PCT 

Frameshift (Ins) 

AD 

Aichi 

592-593 

GGCGGC—> 

GGCGGGGCGGC 

PCT 

Frameshift (Ins) 


Munster 

596 

1788 lnt del (-C) 

PCT 

Frameshift (Del) 

AD 

Duisberg 

601 

1801-18 C—>A 

Spliced 

Abnormal 

splicing 

AD 

Osaka II 

612 

CAG—>TAG 

Q 612 X 

Nonsense 

S 

Votice 

631 

GAG—>TAG 

E 631 X 

Nonsense 

AD 

Osaka I 

637 

1 nt ins (+C) 

PCT 

Frameshift (Ins) 

S 

Olomouc 

765 

TCG—>TAG 

S 765 X 

Nonsense 

AD 

Marburg 

797 

2389-2392 4 nt del 
(-TAGT) 

PCT 

Frameshift (Del) 

AD 

Kagoshima 

798-799 

4 nt del (-CAGT) 

PCT 

Frameshift (Del) 

S 

Yamagata 

1 nt after 

exon 22 

2461 + 1 GT—>CT 

Deletion 

spliced 

Abnormal 

splicing 

S 

Spectrin-binding 

domain 





Tabor 

907 

27201 nt del (-G) 

PCT 

Frameshift (Del) 

AD 

Napoli II 

933 

27991 nt del (-C) 

PCT 

Frameshift (Del) 

S 

Benesov 

941 

2825—2826 5 nt ins 

PCT 

Frameshift (Ins) 

AD 

Mie 

951-953 

7 nt del 

(-GCCGCCT) and 4 
nt ins (+TCTG) 

PCT 

Frameshift (Del 
and Ins) 

S 

Anzio 

983 

2948 2 nt del (-CA) 

PCT 

Frameshift (Del) 

S 

Nara I 

1046 

CTA—>CCA 

L 1046 P 

Missense 


Melnik 

1053 

CGA—>TGA 

R 1053 X 

Nonsense 

AD 

Jaguariuna 

1054 

ATC—>ACC 

I 1054 T 

Missense 

AD 

Tubarao 

1075 

ATC—>ACC 

I 1075 T 

Missense 


Porta Westfalica 

1127 

33801 nt del (-C) 

PCT 

Frameshift (Del) 

S 

Unnamed 

1185 

TGG—>CGG 

W 1185 R 

Missense 


Chiba I 

1 nt after exon 

28 

3327 + 1 GT—>CT 

Deletion 

spliced 

Abnormal 

splicing 

S 
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I. Continued. 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher¬ 

itance 

Chiba III 

1230 

TAC—>TAG 

Y 1230 X 

Nonsense 

S 

Tokyo I 

1252 

CGA—>TGA 

R 1252 X 

Nonsense 

AD 

Unnamed 

1262 

3785—37917 nt del 

PCT 

Frameshift (Del) 


Kalrupy 

1382 

4145 1 nt del (-T) 

PCT 

Frameshift (Del) 

AD 

Regulatory domain 





Bovenden 

1436 

CGA—>TGA 

R 1436 X 

Nonsense 

AD 

Chiba IV 

1437 

GTG —>TG 

PCT 

Frameshift (Del) 


Karlov 

1488 

CGA—>TGA 

R 1488 X 

Nonsense 

AD 

Prague 

1512 

1512-1513 201 nt ins 

67 amino 

acids 

inserted 

Insertion 


Diisseldorf 

1592 

GAC—>AAC 

D 1592 N 

Missense 

AR 

Okayama 

1 nt before 

start of exon 37 

agTG—»aaTG 

Spliced 

Abnormal 

splicing 


Toyama 

1640 

CAG—>TAG 

Q 1640 X 

Nonsense 

AD 

Rakovnik 

1669 

GAA—>TAA 

E 1669 X 

Nonsense 

AD 

Unnamed 

1700 

5097-34 C—>T 

Spliced 

Abnormal 

splicing 

AD 

Saint—Etienne 1 

1721 

TGG—>TGA 

W 1721 X 

Nonsense 

AD 

Saint—Etienne 2 

1833 

CGA-+TGA 

R 1833 X 

Nonsense 

AD 

Bocholt 

1894 

5619+16 C—>T 

Spliced 

Abnormal 

splicing 

AR 


II. Mutations of the red cell band 3 (AE1) gene (EPB3) in hereditary spherocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher¬ 

itance 

Promoter 






Genas 

- 

62 nt before codon 

1 G—>A 

Promoter 

- 

AR 

Neapolis — 

Cytoplasmic domain 

2 nt after exon 2 

T—>C 

Loss of 

initiation 

Abnormal 

splicing 

AD 

Montefiore 

40 

GAG—>AAG 

E 40 K 

Missense 

AR ? 

Foggia 

55 

163 1 nt del (-C) 

PCT 

Frameshift (Del) 

AD 

Kagoshima 

56 

1671 nt del 
(AAG—>AG) 

PCT 

Frameshift (Del) 

S 
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II. Continued. 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher¬ 

itance 

Hodouin 

81 

TGG—>TGA 

W81X 

Nonsense 


Bohain 

81 

2411 nt del (-T) 

PCT 

Frameshift (Del) 

AD 

Capetown 

90 

GAG—>AAG 

E90K 

Missense 

AR ? 

Napoli I 

100 

298-2991 nt ins 
(+T) 

PCT 

Frameshift (Ins) 

AD 

Fukuyama I 

112-113 

336-337 

2 nt del (—AG or 
-GA) 

PCT 

Frameshift (Del) 

AD 

Nachod 

117-121 

3 nt before exon 6 

C—>A 

5 amino acids 

(GTVLL) 

deleted 

Abnormal 

splicing 

AD 

Fukuoka 

130 

GGA—>AGA 

G130R 

Missense 

AR 

Montego 

147 

CCT—>TCT 

GAG—>AAG 

P147S 

E40K 

Missense 

AD 

Osnabriick I 

150 

CGA—>TGA 

R150X 

Nonsense 

AD 

Lyon 

150 

CGA—>TGA 

R150X 

Nonsense 

AD 

Wilson 

172 

515 1 nt del (-G) 

PCT 

Frameshift (Del) 

AD 

Worchester 

172 

515—5161 nt ins 

(+G) 

PCT 

Frameshift (Ins) 

AD 

Fukuyama II 

183 

1 nt ins (+ A) 
(GAT—>GAAT) 

PCT 

Frameshift (Ins) 

AD 

Campinas 

204 

694+1 G—>T 

Spliced 

Abnormal 

splicing 

AD 

Princeton 

275 

823—8241 nt ins 
(+C) 

PCT 

Frameshift (Ins) 

S 

Okayama 

276 

1 nt del (—C) 

PCT 

Frameshift (Del) 

S 

Boston 

285 

GCT—>GAT 

A285D 

Missense 

AD 

Tuscaloosa 

327 

CCC—>CGC 

P327R 

Missesnse 

AR ? 

Noirterre 

330 

CAG—>TAG 

Q330X 

Nonsense 

AD 

Transmembrane domain 





Briiggen 

419 

1255 1 nt del (-C) 

PCT 

Frameshift (Del) 

AD 

Benesov 

455 

GGG—>GAG 

G455E 

Missense 

AD 

Yamagata 

455 

GGG—>AGG 

G455R 

Missense 

S 

Bicetre II 

456 

13661 nt del (-G) 

PCT 

Frameshift (Del) 

AD 

Pribram 

478 

1431+1 G^A 

Spliced 

Abnormal 

splicing 

AD 

Coimbra 

488 

GTG—>ATG 

V488M 

Missense 

AD 
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II. Continued. 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher¬ 

itance 

Bicetre I 

490 

CGC—>TGC 

R490C 

Missense 

AD 

Evry 

496 

1486 1 nt del (-T) 

PCT 

Frameshift (Del) 

AD 

Milano 

500 

1498—1499 69 nt ins 

23 amino 

acids inserted 

Duplication 

AD 

Dresden 

518 

CGC—>TGC 

R518C 

Missense 

AD 

Chiba 

526 or 527 

1 nt del (—C) 

PCT 

Frameshift (Del) 

S 

Smichov 

616 

18481 nt del (-C) 

PCT 

Frameshift (Del) 

AD 

Trutnov 

628 

TAC—>TAA 

Y628X 

Nonsense 

AD 

Hobart 

647 

19401 nt del (-G) 

PCT 

Frameshift (Del) 

S 

Osnabruck II 

664 

3 nt del (—ATG) 

M664 deleted 

Deletion 

AD 

Most 

707 

CTG—>CCG 

L707P 

Missense 

AD 

Okinawa 

714 

GGG—>AGG 

G714R 

Missense 

AD 

(Com¬ 

pound) 

Prague II 

760 

CGG—>CAG 

R760Q 

Missense 

AD 

Kumamoto 

760 

CGG—>CAG 

R760Q 

Missense 

S 

Hradec Kralove 

760 

CGG^TGG 

R760W 

Missense 

AD 

TochigiI 

760 

CGG^TGG 

R760W 

Missense 

S 

Tochigi II 

760 

2058-5 

1 nt del (—A) 

Spliced 

Abnormal 

splicing 

S 

Chur 

771 

GGC—>GAC 

G771D 

Missense 

AD 

Napoli II 

783 

ATC^AAC 

I783N 

Missense 

AD 

Jablonec 

808 

CGC^TGC 

R808C 

Missense 

AD 

Nara 

808 

CGC^CAC 

R808H 

Missense 

s 

(de novo 

Prague I 

822 

2464-2465 lOntins 

PCT 

Frameshift (Ins) 

AD 

Birmingham 

834 

CAC—>CCC 

H834P 

Missense 

AD 

Nagoya 

837 

ACG—>AGG 

T837R 

Missense 

AD 

Philadelphia 

837 

ACG—>ATG 

T837M 

Missense 

AD 

Tokyo 

837 

ACG—>GCG 

T837A 

Missense 

S 

Prague III 

870 

CGG^TGG 

R870W 

Missense 

AD 

Vesuvio 

894 

26821 nt del (-C) 

PCT 

Frameshift (Del) 

AD 
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III. Mutations of the red cell protein 4.2 gene ( ELB42) in hereditary spherocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher- 






itance 

Lisboa 

89 

264 or 265 1 nt del 
(—G) (AAGGTG—> 
AAGTGG) 

PCT 

Frameshift (Del) 

AR 

Fukuoka 

119 

357 TGG—»TGA 

W119X 

Nonsense 

AR 

Nippon 

142 

424 GCT—>ACT 

A142T 

Missense 

AR 

Komatsu 

175 

523 GAT-+TAT 

D175Y 

Missense 

AR 

Notame 

308 

922+1 G—>A 

Spliced 

Abnormal 

splicing 

AR 

Tozeur 

310 

929 CGA—>CAA 

R310Q 

Missense 

AR 

Shiga 

317 

949 CGC—>TGC 

R317C 

Missense 

AR 

Nancy 

317 

950 CGC—>CC 

PCT 

Frameshift 

AR 

PCT: premature chain termination 




IV. Mutations of the red cell pspectrin gene (SPTB) in hereditary 

spherocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher- 






itance 

Actin/P4.1 binding domain 





Promissao 

1 

1 ATG—>GTG 

M1V 

(no protein) 

No translation 

AD 

Guemene-Pen- 

100 

300 G—>C 

Spliced 

Abnormal 

AD 

fao 




splicing 


Atlanta 

182 

TGG—>GGG 

W182G 

Missense 

AD 

Unnamed 

189 

GGC^GAC 

G189A 

Missense 

AD 

Kissimmee 

202 

TGG—>CGG 

W202R 

Missense 

AD 

Ostrava 

202 

604 del 1 nt (-T) 

PCT 

Frameshift (Del) 

AD 

Oakland 

220 

ATC—>GTC 

I220V 

Missense 

AD 

Spectrin repeats 






Bicetre 

444-446 

1331-1338 8 nt del 

PCT 

Frameshift (Del) 

AD 

Alger 

514 

CAG—>TAG 

Q514X 

Nonsense 

AD 

Philadelphia 

590 

1767-17681 nt ins 
(+A) 

PCT 

Frameshift (Ins) 

AD 

St. Barbara 

638 

1912 1 nt del (-C) 

PCT 

Frameshift (Del) 

S 

Bergen 

783-784 

2351-23521 nt ins 
(+A) 

PCT 

Frameshift (Ins) 

AD 

Baltimore 

845 

CAG—>TAG 

Q845X 

Nonsense 

AD 
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IV. Continued. 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher¬ 

itance 

Houston 

926 

27771 nt del (-A) 

PCT 

Frameshift (Del) 

AD 

Winston-Salem 

936-1255 

3764+1 G—>A 

Spliced 

Abnormal 

splicing 

S 

Columbus 

1227 

CCT-+TCT 

P1227S 

Missense 

AD 

Durham 

1492-1614 

Exons 22 and 23 
deleted 

L1492—K1614 

del 

Deletion 

S 

Birmingham 

1684 

CGC—>TGC 

R1684C 

Missense 

AR 

Sao Paulo 

1884 

GCG—>GTG 

A1884V 

Missense 

S 

Tabor 

1946 

CAG—>TAG 

Q1946X 

Nonsense 

AD 

V. Mutations of the red cell 

a—spectrin gene (SPTA) in hereditary 

spherocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Inher¬ 

itance 

Spectrin repeats 

Bughill 

970 

GCT—>GAT 

A970D 

Missense 


LEPRA 

1449 

4339-99 C—>T 

Spliced 

Abnormal 

splicing 

AR 

Prague 

1730 

5187-2 A—>G 

Spliced 

Abnormal 

splicing 

AR 


In the Japanese HS patients, 16 out of 49 patients were found to carry ankyrin 
gene mutations in heterozygous states [21]. The mutations pathognomonic for HS 
consisted of four nonsense mutations, eight frameshift mutations, and four abnor¬ 
mal splicing mutations (33% of totally unrelated HS) (Table 16.1). It is interesting 
to note that four mutations were detected in 16 unrelated patients of AD HS (25 %) 
and that 12 mutations were found in 30 sporadic HS patients (40 %). Thus, ankyrin 
gene mutations are not rare in the Japanese population (probably one-third of all 
HS patients of AD and non-AD inheritance), although the frequency of the muta¬ 
tions is not as high as that in HS patients in Western countries, where ankyrin 
gene mutations are found in 55—60% of all HS patients [18, 19]. 

The ankyrin gene mutations appear to confer more clinically severe effects than 
the band 3 gene mutations. The reason is probably that the ankyrin gene muta¬ 
tions were mainly more serious mutations (four nonsense mutations, seven frame- 
shift mutations, and four splicing mutations) compared with the milder mutations 
(four frameshift mutations but eight missense mutations) of the band 3 gene mu¬ 
tations. In fact, the hemoglobin levels and the percentage of reticulocytes in the HS 
patients with ankyrin gene mutations and in those with band 3 gene mutations 
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were 9.0 ± 2.3 and 12.7 ± 1.7 g dlT 1 , and 15.8 ± 7.4 and 8.4+1.2%, respectively 
[21]. Therefore, the HS patients with ankyrin gene mutations were more severely 
anemic with markedly increased reticulocytosis than those with band 3 gene muta¬ 
tions. 

Regarding the red cell membrane protein contents in the Japanese HS patients 
studied, the spectrin levels ranged from —8.7% to 4.6% (—1.9 ± 3.9%), protein 
4.2 from —28.1% to —2.4% (—12.1 ± 8.0%), and ankyrin from —8.3% to 
19.7% (4.4% + 7.9%) of that of normal subjects [21]. Therefore, the protein 4.2 
contents were consistently lower in these patients. In contrast, the ankyrin content 
did not appear to be decreased, probably for several reasons, including increased 
reticulocytosis leading to increased ankyrin content, which may compensate for 
possible ankyrin deficiency, and the methodological limitations of the SDS—PAGE 
[21]. In contrast, the band 3 content was decreased (17 %) consistently in 30 pa¬ 
tients with non-ankyrin gene mutations, which included the patients with band 
3 gene mutations [16, 21]. 

It is interesting to note that frameshift mutations were found from exon 1 to 
exon 26, especially in the band 3 binding domain of ankyrin 1, contrary to the non¬ 
sense mutations that were present mostly at the 3’-terminal side, particularly in the 
spectrin-binding domain and the regulatory domain [4, 5, 21]. It should also be 
noted that all of the 16 mutations pathognomonic for HS have recently been pub¬ 
lished, and are limited to the Japanese population [21]. 

Two polymorphic missense mutations and 15 silent mutations were also found 
in the Japanese HS patients [16, 21] (Table 16.2). No significant difference was ob¬ 
served in the allele frequency of these gene polymorphisms between normal sub¬ 
jects and HS patients [16, 21]. These polymorphisms were observed to almost the 
same extent in Japanese and German populations [16]. 

An interesting case of HS is ankyrin Walsrode, in which red cell membranes 
were deficient in band 3 as well as ankyrin and spectrin, is due to a mutation in 
the band 3 binding domain of ankyrin that has a decreased affinity for band 3 [20]. 

Mutations on the promoter region of the ankyrin gene have also been identified 
in the HS patients [18, 22]. 

Pathogenesis of a combined deficiency of spectrin and ankyrin lies in the an¬ 
kyrin gene mutations [18, 20—31], since ankyrin represents the major binding 
site for spectrin on the membrane (see Section 6.1). Therefore, ankyrin deficiency 
is accompanied by a proportional decrease in the spectrin assembly on the mem¬ 
brane despite normal spectrin synthesis. Most ankyrin mutations are frequently as¬ 
sociated with decreased mRNA accumulation leading to decreased ankyrin content. 

Even amongst HS affected members of the same kindred with the ankyrin gene 
mutation, clinical severity varies because of parental mosaicism for the ankyrin 
mutation. 

The important role of the ankyrin gene in the pathogenesis of HS was initially 
discovered in HS patients with an absence of the entire ankyrin gene on the short 
arm of chromosome 8 due to a large interstitial deletion [23, 32—38]. In these pa¬ 
tients, there were various karyotypic abnormalities involving deletions or transloca¬ 
tions of the ankyrin gene locus (8pll.2), such as deletions of 8pll.l [32], 
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8pll.22—8p21.1 [33], 8pll-8p21.1 [23], and 8pll.23-8p21.1 [34], and transloca¬ 
tions of t (8; 12) (pll; pl3) [35, 36], and t (3; 8) (p21; p22) [37]. Glutathione reduc¬ 
tase deficiency is also reported in some of these HS cases due to a deletion of its 
chromosomal gene locus (8p21.1) [38]. 

Ankyrin deficiency was also reported in a mouse strain (nb/nb) [39], in which 
ANK r was missing in red cells and cerebellar Purkinje cells despite normal expres¬ 
sion of ANK b in the Ranvier nodes. The number of cerebellar Purkinje cells, which 
was normal at birth, decreases to 50 % of the normal level 6—9 months after birth, 
developing tremor and cerebellar symptoms [40]. 

Abnormalities in membrane protein genes have been detected, and their geno¬ 
types identified. The next stage should be to determine whether or not these ge¬ 
netic mutations are actually pathognomonic for HS. Direct evidence is required 
to clarify the pathognomonic role of these genetic mutations for the determination 
of phenotypes. For this purpose, electron microscopic studies of the red cell mem¬ 
branes in situ are most suitable for detecting the phenotypic abnormalities in detail 
(see Chapter 3). Electron microscopy (EM) with the quick-freeze deep-etching 
(QFDE) method or by the surface replica (SR) method was utilized to examine 
the cytoskeletal network (see Section 3.2.2). The number and size of the basic cy- 
toskeletal units evaluated the condition of the cytoskeletal network in situ. EM with 
the freeze fracture (FF) method is adequate for evaluation of the condition of the 
integral proteins (see Section 3.2.3), especially band 3 as intramembrane particles 
(IMPs). The number, size, and distribution pattern of the IMPs are valuable indices 
for evaluating the conditions of band 3 molecules. 

Two ankyrin gene mutations in the German Caucasian HS patients, ankyrin 
Marburg and ankyrin Stuttgart, were selected for this evaluation [41]. Both were 
associated with frameshift mutations at exon 22 in ankyrin Marburg or at exon 
10 in ankyrin Stuttgart [20]. In these patients, mRNA was not detected on the mu¬ 
tated alleles, leading to decreased ankyrin content (approximately 70% of normal), 
which was expressed through the normal ankyrin allele as a heterozygote. 

Under these conditions, the number of cytoskeletal units was reduced by 30%, 
as reflected by the decreased content of normal ankyrin molecules. The regular 
small size of the cytoskeletal units was significantly decreased concomitant to 
the increased larger size of these units, implying that the cytoskeletal network 
was not formed properly because of the disruption of the network [41]. The locali¬ 
zation of ankyrin molecules on the red cell membranes in situ was markedly de¬ 
ranged, indicating that the availability of epitopes of ankyrin molecules against 
the anti-ankyrin antibody was extremely low compared with the protein content 
of ankyrin [41]. This result strongly suggests that conformational change in an¬ 
kyrin molecules is present with the frameshift mutations in ankyrin Marburg 
and ankyrin Stuttgart. It is interesting to note that the number and size of IMPs 
were not affected in these ankyrin mutations. The results are shown in detail in 
Section 16.1.3 (Figs. 16.1—16.5). 
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10 . 4.2 

Partial Deficiency of Band 3 Due to the Band 3 Gene Mutations 

As described previously, the incidence of band 3 deficiency in red cells of Caucasian 
HS patients has been reported to be up to 30% (Table 10.1) [18, 19]. In Japanese 
HS patients, the incidence of band 3 deficiency was also around 20—30% [13]. 

To date, 55 band 3 gene mutations [5, 9, 16, 19, 20, 42—57, 60—63] have been 
reported worldwide (Table 10.1), including 27 missense mutations, 23 frameshift 
mutations and nonsense mutations, one splicing abnormality, two nucleotide du¬ 
plications, one in-frame deletion, and one nucleotide substitution at the promoter 
region [4, 5]. The missense mutations are predominant, making up 50% of the 
total band 3 mutations. The band 3 mutations in the coding regions are clustered 
at exons 4 and 5, 9 and 10, and 17—19, which appear to be so-called “hot spots”, 
although band 3 gene mutations are spread throughout band 3, occurring both 
in the cytoplasmic domain as well as in the membrane domain (Fig. 1.5). The mis¬ 
sense mutations frequently tend to be localized at the region corresponding to the 
membrane domain at the 3’ end, especially at the cluster R region (codon 760 at 
exon 17 and codon 808 at exon 18) (Fig. 5.1). The frameshift and nonsense muta¬ 
tions are densely localized at the region corresponding to the cytoplasmic domain 
of the band 3 molecule at the 5’ end. 

Among these reported band 3 mutations, 12 pathognomonic mutations of the 
band 3 gene have been detected in 79 Japanese HS patients from 60 kindred; 
i. e., three frameshift mutations, eight missense mutations, and a splicing abnorm¬ 
ality [16]. The mode of inheritance for these mutations was autosomal dominant 
(AD) inheritance in five kindred, autosomal recessive (AR) inheritance in one kin¬ 
dred, de novo in one patient, and sporadic in five patients. In a kindred with AR 
inheritance, the patients were homozygotes of a missense mutation (band 3 Fu¬ 
kuoka) [14] (see Section 15.1.4). Under these conditions, their parents were asymp¬ 
tomatic as heterozygotes. 

The kindred with band 3 Okinawa was unique with respect to the genotype [42] 

(see Section 15.1.5). In this kindred, four different types of band 3 gene mutations 
were detected: allele Fukuoka (G130R: GGA—>AGA) and allele Okinawa (K56E: 
AAG—»GAG, P854L: CCG—»CTG, and G714R: GGG—»AGG) in trans. In this pro¬ 
band, protein 4.2 was missing completely, disproportionately to the moderately de¬ 
creased band 3 content. As the level of detection by single strand conformational 
polymorphism (SSCP) is approximately 70%, every patient with a reduced amount 
of band 3 appears to have a mutation in the band 3 gene. Furthermore, it should be 
noted that, in these band 3 mutations, the protein 4.2 content usually decreased in 
proportion to the extent of decrement of band 3 content, although no abnormality 
was detected in the protein 4.2 gene per se. The allele Fukuoka is known to alter the 
binding of protein 4.2 to band 3 [14]. The proband (the daughter) presented with a 
pronounced decrease of band 3 (49.8 ± 0.3% of normal), and established an 
almost complete lack of protein 4.2 with only traces (less than 0.1% of normal) 
of 72, 68 and 66 kDa fragments of protein 4.2. Her mother showed partial defi¬ 
ciency in band 3 (—25 % on average) and a proportional reduction in protein 
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4.2. Therefore, the mother was heterozygous for an allele of the EPB3 gene, allele 
Okinawa, and her daughter was a compound heterozygote of allele Okinawa and 
allele Fukuoka [42]. Heterozygosity for allele Fukuoka has been documented in an¬ 
other individual who showed no clinical or hematological signs, and normal band 3 
content [14]. It has been suggested that band 3 Okinawa binds virtually all the pro¬ 
tein 4.2 in red cell precursors, band 3 Fukuoka being unable to do so, and that 
band 3 Okinawa cannot be incorporated into the membrane leading to degradation 
of the band 3 Okinawa protein complex. In contrast, band 3 Fukuoka, free from 
bound protein 4.2, could then be incorporated normally into the lipid bilayer. 
Thus, it has been speculated that protein 4.2 would not appear in the proband’s 
red cell membranes. 

Partial deficiency of protein 4.2 is fairly common in HS with band 3 mutations 
[9, 19, 20, 42—62] under the following two situations: (1) partial or total lack of one 
haploid set of mutated band 3, and (2) mutations in the cytoplasmic domain of 
band 3, which contains major binding sites for protein 4.2. These conditions 
will be discussed in a separate section (Section 16.2). 

Band 3 deficient Caucasian HS patients may present a small number of mush- 
room-shaped or “pincered” red cells on peripheral blood smears [8, 9], although 
this finding has not been observed in the Japanese HS patients. 

Alleles have been detected that influence band 3 expression and that aggravate 
band 3 deficiency and worsen the clinical severity of disease, when inherited in 
trans to a band 3 mutation (band 3 Genas and band 3 Lyon) [53, 63]. In some 
HS patients with band 3 deficiency, band 3 gene expression may be reduced or 
a band 3 mutation may interfere with the proper co-translational insertion of 
band 3 into membranes of the endoplasmic reticulum or translocation of band 3 
to the plasma membrane. 

In some HS patients, a number of band 3 mutations clustered in the membrane 
domain, where highly conserved arginines are replaced as a result of band 3 gene 
mutations [43]. These arginines are located at the cytoplasmic end of a transmem¬ 
brane helix, and appear to aid in maintaining the orientation of the transmem¬ 
brane domain. Therefore, the mutated band 3 appears neither to fold nor to insert 
into the endoplasmic reticulum and finally into the red cell membrane after syn¬ 
thesis. These short inframe deletions by frameshift mutations or nonsense muta¬ 
tions and missense mutations of the band 3 gene, especially in its transmembrane 
domain, should impair normal trafficking and folding of band 3 molecules and 
should inhibit the insertion of these molecules into the membrane [102]. 

Complete deficiency of band 3 has been reported in humans [52, 62, 63], cows 
[58], and mice [59, 64]. In the human case, lethal and near lethal HS associated 
with hydrops fetalis, metabolic acidosis, and severe anemia with complete defi¬ 
ciency of band 3 and protein 4.2 from red cell membranes have been described 
in members of a large Portuguese kindred homozygous for a band 3 mutation 
(band 3 Coimbra: V488M) [62, 63]. There was a couple whose members carried 
the mutation Coimbra in the heterozygous state. At the second pregnancy of 
this couple, homozygosity for mutation Coimbra was ascertained antenatally and 
the pregnancy was interrupted. At the third pregnancy, a severely anemic hydropic 
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female baby in the homozygous state was reanimated and kept alive with an inten¬ 
sive transfusional regimen. Cord blood smears disclosed dramatic erythroblastosis 
and poikilocytosis. Red cells with a tail-like elongation were a conspicuous feature. 

Band 3 and protein 4.2 were completely absent in red cell membranes. Metabolic 
acidosis and nephrocalcinosis were present. The total absence of band 3 in humans 
appears to be reasonably compatible with life as long as intensive transfusion sup¬ 
port is provided. In the heterozygous state, the band 3 content, 4,4’ -diisothiocyano 
l,2-diphenylethane-2,2’-disulfonate (H 2 DIDS) sites (pmol IT 1 ), and sulfate flux 
(nmol 1CT 8 red cells per 10 min) were on average —23 % of normal, —35 % of nor¬ 
mal, and — 34 % of normal, respectively. 

The second example of total band 3 deficiency is Japanese cattle due to a non¬ 
sense mutation of the band 3 gene [58]. A moderate anemia of autosomal incom¬ 
pletely dominant inheritance with marked microspherocytosis has been reported 
in Japanese cattle. In these cattle, no band 3 was detected due to a nonsense muta¬ 
tion (CGA—>TGA; Arg—»stop) of the band 3 gene at the position corresponding to 
codon 646 in human red cell band 3 cDNA. Protein 4.2 was almost completely ab¬ 
sent. Considerable decreases were also observed in other major red cell membrane 
components such as spectrin, actin, glyceraldehyde 3-phosphate dehydrogenase 
(band 6), and ankyrin (a reduction by at least 50% of normal subjects). The pro¬ 
bands also exhibited a marked distortion and disruption of the membrane skeletal 
network with tremendous instability. The affected cattle also lacked kidney band 3. 

The proband’s red cells completely lacked rapid anion exchange as a function of 
band 3 protein; i. e., the defective CG/HCO^ exchange in these cells was uncom¬ 
pensated for and limited to a rather low level. This was not lethal to the affected 
cattle as is observed in human cases, even though the body weight was substan¬ 
tially lower than normal at the same age. The results are shown in detail in Section 
15.1.3 (Figs. 15.1-15.5). 

The third example is knock-out mice by targeted disruption of the band 3 gene 
[64], or those by selectively targeted inactivation of the erythroid band 3 gene [59], 
in which kidney band 3 was not affected. Targeted disruption of the murine band 3 
gene has resulted in spherocytosis and severe hemolytic anemia. Erythroid band 3 
gene was selectively inactivated but not the kidney band 3 gene [64]. Red cells of 
homozygous mice were completely devoid of band 3 protein, whereas normal le¬ 
vels of band 3 protein were detected in the lysates of kidneys obtained from 
band 3 _/ ~ mice. The mutant red cell membrane ghosts contained 75 % of the nor¬ 
mal spectrin, significantly reduced ankyrin (40% of normal), and no detectable 
protein 4.2. Normal amounts of protein 4.1 and actin were detected in homozygous 
mice. The presence of a reduced but significant amount of ankyrin in band 3 _/ ~ 
ghosts gives further support to the existence of band 3 -independent sites for the 
attachment of ankyrin in the red cell membrane. The concurrent loss of protein 
4.2 in band 3 _/ ~ red cells shows that the binding of protein 4.2 to the plasma mem¬ 
brane is determined exclusively by its interaction with band 3. The red cell pheno¬ 
type of the mice of this type is consistent with the results obtained from the cattle 
with the homozygous nonsense mutation of the band 3 gene. The band 3~ /_ red 
cells also contained adducin, dematin, p55, and glycophorin C. In contrast, the 
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band 3 _/ ~ red cells are completely devoid of glycophorin A (GPA) despite the pres¬ 
ence of normal GPA mRNA. 

The function of band 3 was also examined in mice with targeted mutagenesis 
[59]. The mouse band 3 gene consists of 20 exons. A 1130 base pair segment be¬ 
tween exons 9 and 11 was replaced with a neoR cassette. This segment encom¬ 
passes the distal portion of the N-terminal cytoplasmic domain and the first mem¬ 
brane-spanning segment of the C-terminal domain. In the homozygous targeted 
mice, no band 3 transcript was detected in newborn reticulocyte or 14.5 day fetal 
liver RNA using a full-length band 3 cDNA. The absence of the normal band 3 
gene product as well as the absence of any truncated band 3 polypeptides derived 
from the targeted gene was confirmed. Band 3 _/ ~ red cell ghosts contained 84.7 ± 
5.5 %, 86.4 ± 5.4%, and 48.8 ± 5.0% of wild type, steady state levels of a-spectrin, 
p-spectrin, and ankyrin, respectively. In heterozygous state (band 3 +/ ~), normal 
amounts of a- and p-spectrin (94.8% ± 5.4% and 96.8 ± 4.2%, respectively) and 
ankyrin (119 + 6.9%) but decreased levels of band 3 (82.3 + 2.1%) were observed. 

Glycosylation may be affected in band 3 molecules of HS patients [65]. Three HS 
kindred with rapidly migrating band 3 due to a post-translational defect of band 3 
glycosylation have been reported. Concomitant with this anomaly, the glycosylation 
of glycophorin A was also affected, resulting a more rapidly migrating glycophorin 
A on SDS—PAGE gels. 

It has recently been reported that the expression of band 3 may be closely asso¬ 
ciated with that of glycophorin A [65, 66]. In a Japanese kindred (glycophorin A 
Hiroshima) [66], band 3 content in red cells was substantially decreased with im¬ 
paired anion (phosphoenol pyruvate) transport. However, there was no mutation 
in the band 3 gene per se. Instead, a missense mutation (L75I) of the glycophorin 
A gene was detected as a heterozygote. The amount of glycophorin A, which was 
substantially decreased, corresponded to that of band 3 in this heterozygous pa¬ 
tient. Therefore, the expressions of band 3 and glycophorin A appears to be closely 
associated with each other [66]. The same observation was made in the knock-out 
mice on the band 3 gene, in which no glycophorin A was detected [59]. 

In some HS patients with the band 3 gene mutations, the association of renal 
tubular acidosis has been reported (band 3 Pribram [56, 57], band 3 Campinas 
and, band 3 Coimbra [62]). Band 3 missense mutations have been found also in 
patients with dominant renal tubular acidosis of the distal type, although no red 
cell abnormalities have been reported in these patients [57, 60, 61]. Therefore, 
the exact mechanism of this pathogenesis has not been clarified. 

Regarding the relationship between the genotype and the phenotype of band 3, 
the mutations of the band 3 gene are basically associated with HS as a phenotype. 
However, mutation of the deletion at codon 400—408, which corresponds to the re¬ 
gion of the junction between the cytoplasmic domain and intramembrane domain, 
was detected in patients with Southeast Asian ovalocytosis (SAO), which is essen¬ 
tially a group of HE. This phenotypic difference with the mutation on the same 
band 3 gene is difficult to explain. 

Numerous polymorphic mutations of the band 3 gene have been identified [4, 5, 
16]. Among them, seven types of polymorphic mutations have also been detected 
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in 42 normal Japanese individuals and in 55 Japanese HS patients [16]. In addition 
to previously-reported polymorphic mutations (band 3 Darmstadt: D38A: 
GAC—>GCC at exon 4; band 3 Memphis I: K56E: AAG—>GAG at exon 4; a silent 
mutation: S438S: TCG—7TCA at exon 12; and band 3 Diego: P854L: CCG—»CTG 
at exon 19), there have been three new polymorphisms which have never before 
been reported, i. e., (1) band 3 Okayama (GAG—»GAT; E72D in exon 5), (2) substi¬ 
tution A—>G, at the 87 th nucleotide after the end of exon 7, and (3) the deletion of 
three nucleotides (GAG), at the 30—32 nucleotides before the start of exon 8. There 
were no differences in allele frequency of these polymorphic mutations of the band 
3 gene between the HS patients with pathognomonic band 3 mutations (16 alleles) 
and those without these band 3 mutations (92 alleles) [16]. 

As for the role of band 3 for the pathogenesis of HS, homozygosity for a band 3 
defect causes a severe, but nonlethal hemolytic anemia [52, 58, 59, 62—64], and 
band 3 is critical for stabilizing the membrane skeleton via its interactions with an- 
kyrin and protein 4.2. 

To evaluate whether or not the mutations of the band 3 gene are pathognomonic 
for HS, electron microscopic studies of the red cell membranes in situ were carried 
out. 

A homozygous patient was selected having the missense mutation of the band 3 
gene (codon 130 GGA—>AGA: Gly—»Arg in exon 6) [14]. Therefore, all the band 3 
molecules present in the red cell membrane in situ were composed of abnormal 
and mutated protein. Band 3 content in the proband was slightly decreased 
(90% of normal), and a binding assay of the patients band 3 to normal ankyrin 
or protein 4.2 was markedly impaired. Therefore, the patient’s protein 4.2 content 
was also markedly decreased (approximately 55 % of normal) disproportional to the 
nearly normal level of band 3, because of this impaired binding activity of band 3 
with protein 4.2. As a pathogenesis of HS, this disorder appears to be derived from 
significantly decreased protein 4.2 content because of the mutated band 3, the 
mRNA of which was expressed. EM studies using the QFDE method revealed a 
slightly decreased number of IMPs (90% of normal), with a slightly increased 
number of larger sized IMPs (partly oligomerized). These observations suggest 
that the effect of the missense mutation on the structural abnormality of red cell 
membranes may be minimal, even in a homozygous state [14] (see Section 
15.1.4, Figs. 15.6-15.8). 

Abnormality of the red cell membrane structure in situ was also examined in the 
red cells of the patient with autosomal dominantly inherited HS, in which the fra- 
meshift mutation (the deletion of A at codon 56 in exon 4) of the band 3 gene was 
established, band 3 Kagoshima [16]. In this patient, only one normal allele was ex¬ 
pressed, but the mutated allele was not expressed. Therefore, band 3 content in the 
red cells was reduced to 70 % of normal. Reflecting this biochemical observation, 
the number of IMPs was reduced by 30% but with normal size distribution com¬ 
pared with that in normal red cells. In contrast, the cytoskeletal network was not 
affected. 

Total band 3 deficiency was found in Japanese bovine red cells, which were in a 
homozygous state of the nonsense mutation of the band 3 gene (codon 646 
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CGA—»stop codon) [58]. Band 3 is completely missing in the red cells. The periph¬ 
eral red cells demonstrated extremely marked microspherocytosis, with budding 
formation at the red cell surface. The cytoskeletal network was markedly disrupted, 
with endocytosis and exocytosis [58]. These findings clearly indicate the extreme 
instability of the cytoskeletal network in a condition where no band 3 molecules 
were present (see Section 15.1.3, Figs. 15.9—15.14). 

10 . 4.3 

Protein 4.2 Deficiency 

Protein 4.2 abnormalities of congenital origin are classified into two groups [15, 
67], i. e., (1) deficiency (reduced content) of protein 4.2, and (2) protein 4.2 variants 
with normal or nearly normal protein 4.2 content. The latter is associated with he¬ 
reditary stomatocytosis. The first category of protein 4.2 deficiencies is further di¬ 
vided into two subgroups, i. e., (1) complete deficiency, and (2) partial deficiency 
[15, 67] (Fig. 16.6). 

Complete deficiency of protein 4.2 is believed to be pathognomonic for HS or the 
disease state alike (see Section 16.2.2). Complete protein 4.2 deficiency is due to 
the mutations of the protein 4.2 gene per se, except for the HS family with band 
3 Okinawa (Section 15.1.5), which were described previously. Partial protein 4.2 de¬ 
ficiency is fairly common in HS with band 3 gene mutations under the two follow¬ 
ing situations, i. e., (a) partial or total lack of one haploid set of mutated band 3, 
and (b) mutations in the cytoplasmic domain of band 3, which contains major 
binding sites for protein 4.2 [15] (Section 16.2.3). In the former situation, the extent 
of the decrease of protein 4.2 content was basically proportional to that of the band 
3 content. In the latter situation, the decrement of the protein 4.2 content is dispro¬ 
portionately greater when mutations of the band 3 gene are present in its cytoplas¬ 
mic domain, where the binding site(s) for protein 4.2 is located; e. g., band 3 Tus¬ 
caloosa (P327R: CCC—tCGC) [51], band 3 Montefiore (E40K: GAG—»AAG) [50], 
and band 3 Fukuoka (G130R: GGA—>AGA) [14], as discussed previously. In 
these cases, protein 4.2 is sharply decreased due to the mutations on the band 3 
gene. 

Eight types of total protein 4.2 deficiency have been reported [15] (Table 10.1). 
The mutations of the protein 4.2 gene pathognomonic for this disease state have 
also been identified; i. e., four missense mutations, two frameshift mutations, 
one nonsense mutation, and one donor site mutation because of intronic substitu¬ 
tion (Table 16.3). Therefore, missense mutations are predominant, especially allele 
protein 4.2 Nippon (142 GCT—>ACT: Ala—»Thr) [68], which has been observed in 
17 patients of 13 families, among 28 patients of 19 kindred with complete protein 
4.2 deficiency [13,15]. These protein 4.2 gene mutations have been found mostly in 
the Japanese population; i. e., protein 4.2 Nippon, protein 4.2 Shiga [67, 69], pro¬ 
tein 4.2 Komatsu [70], protein 4.2 Fukuoka [71], and protein 4.2 Notame [72]. 
Only three have been observed in the non-Japanese population; i. e., protein 4.2 
Tozeur in Tunisia [73], protein 4.2 Lisboa in Portugal [74], and protein 4.2 Nancy 
in France [75]. 


10 Hereditary Spherocytosis (HS) | 195 

Among these protein 4.2 gene mutations, the mutation of the Nippon type is 
most important in the Japanese population because this mutation is involved in 
homozygotes of the protein 4.2 Nippon and also in compound heterozygotes of 
protein 4.2 Shiga, protein 4.2 Fukuoka, and protein 4.2 Notame (Table 16.3). 

Complete protein 4.2 deficiency due to the mutations of the protein 4.2 gene ap¬ 
pears to be transmitted by autosomal recessive (AR) inheritance, and most patients 
have been homozygotes or compound heterozygotes of missense mutations on the 
protein 4.2 gene [15] (Table 16.3). Therefore, sole heterozygotes of these missense 
mutations have been asymptomatic, with nearly normal protein 4.2 content in red 
cells. 

The morphological feature of red cells completely deficient in protein 4.2 was 
ovalostomatocytosis in protein 4.2 Nippon and in protein Komatsu [70], i. e., a 
mixed population of ovalocytosis and stomatocytosis with minimal microsphero¬ 
cytosis (Fig. 16.7). In contrast, in other complete protein 4.2 deficiencies, 
microspherocytosis was a predominant feature, resembling FIS. Therefore, it 
remains controversial whether or not protein 4.2 Nippon can be categorized as 
classical HS [15]. 

Total deficiency of protein 4.2 is important to enable a clearer understanding of 
the pathogenesis of HS in the Japanese population when no positive family history 
is available, because the proband will be a homozygote of the missense mutations 
of the protein 4.2 gene mutation, and the parents as heterozygotes should be 
asymptomatic. 

Although a slight variation in clinical observations exists among the reported 
cases with total protein 4.2 deficiency, the characteristic features are moderate, un¬ 
compensated hemolysis with moderate reticulocytosis and increased indirect bili¬ 
rubin [15]. The hemolysis usually responds to splenectomy [15, 67]. In comparison 
with typical cases of classical, autosomal dominantly inherited HS, in which sub¬ 
stantial microspherocytosis and increased mean corpuscular hemoglobin concen¬ 
tration (MCHC) are usual, the MCHC (34.8 + 0.1%) is only minimally elevated 
in this disorder, reflected by minimal microspherocytosis [15]. 

Protein 4.2 content was completely or almost completely missing in the red cells 
of these patients. In the Nippon type, trace amounts of the 72 and 74 kDa peptides 
were detected by immunoblotting [15]. The 74 kDa peptide was not detected in pro¬ 
tein 4.2 Komatsu without the missense mutation of codon 142 GCT—>ACT [11, 70]. 

The content of band 3 was reduced by 10—20% of the normal value [15]. The con¬ 
tents of most other membrane proteins, including spectrin, ankyrin, and protein 
4.1 were essentially unaffected. It has recently been reported that glycophorin C 
is substantially reduced in red cells with complete protein 4.2 deficiency. 

The membrane deformability of protein 4.2 deficient red cells is distinctly abnor¬ 
mal, especially under conditions with various stresses such as heat treatment [15] 

(Fig. 16.9). The extent of the abnormality in the protein 4.2 deficiency was strik¬ 
ingly different from that in classical HS [15], in which no essential changes 
were observed under the same conditions, as was the case with normal controls. 

Red cell deformability is chiefly dependent on the functions of the cytoskeletons 
(see Section 2.3.4.2), which are mainly composed of spectrin in addition to protein 
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4.1 and actin. The cytoskeletal network appears to be linked to the lipid bilayer 
mostly via band 3 molecules in the presence of the normal amount of protein 
4.2, which has been proven to be bound directly to spectrin molecules (see Section 
6.2.2.1, Interactions of protein 4.2 with spectrin). Once these red cells are subjected 
to physicochemical stress, the network disassembles easily by losing its connection 
with the lipid bilayer. 

Biophysical characteristics in protein 4.2 deficient red cells demonstrated that 
the extractability of band 3 was enhanced significantly up to 60 % of the normal 
control, indicating that protein 4.2 deficient red cells were depleted specifically 
of band 3 molecules which were either unattached or bound with a low affinity 
to the membrane skeleton [15]. In addition, fluorescence recovery after use of 
the photobleaching (FRAP) method (see Section 5.1.2.5) has shown a shift in 
the lateral mobility of band 3, which is consistent with an increase in the mobile 
fraction of band 3 in membranes from individuals completely lacking protein 4.2, 
and with an increase in the mobile fraction of band 3 (Fig. 16.10). Total recovery 
(mobile fraction) dramatically increased up to almost 100 % with nearly complete 
absence of the immobile component of band 3, as compared with normal subjects 
[15]. Another common feature of the FRAP curves in these patients was that a 
nearly linear slow recovery component has appeared in addition to the fast recovery 
component observed in normal red cell ghosts [15]. These changes indicate in¬ 
creased oligomerization of band 3, which has been suggested by increased larger 
IMPs. 

EM studies were carried out to elucidate the abnormalities of red cell membrane 
ultrastructure in situ in total protein 4.2 deficiency [15] (see Section 16.2.2). When 
intact red cells were subjected to EM using the freeze fracture (FF) method (Fig. 
16.11), the normal number of IMPs was 5 210 ± 389 gnT 2 , of which approximately 
80% were basically small in size (4—8 nm). On the other hand, in the red cells of 
protein 4.2 deficiency of the three types, the number of IMPs had decreased to 
4464 ± 53 gm~ 2 in the Nippon type, 4625 ± 381 in protein 4.2 Shiga, and 2975 
± 310 in protein 4.2 Komatsu [11]. The decreased number of IMPs appeared to 
be derived from a decreased number of IMPs of small size in association with 
an increased number of IMPs of medium (9—20 nm) and large size (>21 nm), in¬ 
dicating increased oligomerization of band 3 in situ [11]. 

The significant contribution of protein 4.2 to the biophysical properties of band 3 
was proved by utilizing inside-out vesicles (IOVs) of normal controls and those of 
protein 4.2 deficiency [11, 15]. In protein 4.2 deficiency, the distribution pattern of 
IMPs was totally deranged in IOVs. When spectrins and membrane proteins other 
than band 3 were stripped from the IOVs at pH 11 in the normal controls, this ex¬ 
perimentally produced protein 4.2 deficiency demonstrated a markedly abnormal 
aggregation of band 3, which was the same as that in protein 4.2 deficient patients 
[11, 15]. 

The cytoskeletal network was also examined by EM using the quick-freeze deep¬ 
etching (QFDE) method [11, 15] (Fig. 16.12). The cytoskeletal network in the nor¬ 
mal subjects showed numerous basic units, resembling “cages”, the number of 
which was 539 ± 20 gnT 2 . The “cage”-like structures consisted essentially of 
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two major types of units, i. e., small (20—44 nm), and medium (45—65 nm) sized 
units as determined by the interdistance (or diameter) of the longer axis of each 
structure. In the normal subjects, two-thirds of these units were of small size 
(66 ± 9%), and the remaining one-third were of medium size (30 ± 6%). 
There were only a few large-sized units (4 ± 1 %) in the normal subjects. In con¬ 
trast, in protein 4.2 deficiency, the uniform distribution of filamentous structures 
was lost, and apparent branchpoints of the filamentous elements were markedly 
distorted or disrupted. The number of cytoskeletal units was markedly reduced 
in protein 4.2 Komatsu (195 ± 38 guT 2 ), less in the Nippon type 

(282 ± 27 pm -2 ), and least in protein 4.2 Shiga (339 ± 35 guT 2 ) [11, 15]. In protein 
4.2 deficiencies, the cytoskeletal units of the basic small size (20—44 nm) were 
markedly reduced in protein 4.2 Komatsu (25 ± 4%), in the Nippon type (27 ± 

5%), and in protein 4.2 Shiga (34 ± 5%), compared with the normal controls 
(66 ± 9%). In their place, units of large size (69—92 nm) and of extra-large size 
(93—180 nm), which were essentially not present in the normal subjects, were in¬ 
creased tremendously in these protein 4.2 deficiencies. 

Under normal conditions, the cytoskeletal network is believed to be stabilized by 
tightly binding to band 3 molecules via ankyrin [15] (see Sections 5.1.2.5 and 6.1.3). 
Two-thirds of band 3 is immobilized by this binding, the remaining one-third is 
mobile and unfixed without binding to the cytoskeletal network. In the absence 
of protein 4.2, the cytoskeletal network appeared to become extremely unstable 
due to the loss of integrity of its small basic units, resulting in disruption of the 
interconnected structure of the cytoskeletal network. Under this pathological con¬ 
dition with a markedly impaired cytoskeletal network, band 3, two-thirds of which 
is normally connected with the cytoskeletal network mainly via ankyrin, should 
lose its binding to the network and become unfixed and mobile. It is known 
that free band 3 molecules tend to aggregate or cluster. The increased large 
sizes of the IMPs in protein 4.2 deficiency may be the result of aggregation 
and/or clustering of these increased mobile band 3 molecules, which were initially 
immobile band 3 bound to the cytoskeletal network [11, 15]. The aggregated or 
clustered band 3 should naturally produce a decrease in the apparent number of 
IMPs. 

The red cell membrane protein 4.2 gene was targeted in embryonic stem (ES) 
cells to create a null mutation (4.2 ^ ) in mice (see Section 15.1.3). A fragment ex¬ 
tending from intron 3 to exon 8 was replaced with a neomycin-resistant cassette, 
removing exons 4 through 7 and part of exon 8. Homozygous null mutations 
were not distinguishable from normal littermates by phenotype at any age. Protein 
4.2 was not detected in 4.2~ /_ red cell ghosts [76]. No protein 4.2 mRNA was de¬ 
tected in 4.2 _/ ~ newborn reticulocyte RNA [76]. Hematologically, 4.2 _/ ~ mice had 
mild HS with increased reticulocytosis (5.5 ± 0.8%: control 2.5 ± 0.1%). Red 
cell morphology demonstrated the presence of spherocytosis in 4.2 _/ ~ mice [76]. 

In protein chemistry, the band 3 content of 4.2 _/ ~ red cells appeared to be de¬ 
creased, but normal amounts of spectrin, ankyrin, protein 4.1, p55, and glyco- 
phorin C were observed. Ultrastructural findings in these protein 4.2 _/ ~ mice con¬ 
firmed almost the same observations as observed in human protein 4.2 deficiency. 
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10 . 4.4 

Isolated Partial Spectrin Deficiency 

As described previously, spectrin is composed of two subunits, the a-chain and P- 
chain, which are structurally distinct and are encoded by separate genes, despite 
the many similarities (see Section 4.1). Red cell spectrin demonstrates several cel¬ 
lular functions, i. e., (1) as a determinant of cell shape, (2) as a regulator of the lat¬ 
eral mobility of integral membrane proteins, and (3) as a supporter for the lipid 
bilayer in the three dimensional membrane ultrastructure (see Section 3.2.2). 

Synthesis of a-spectrin in humans is about three times more excessive than that 
of P-spectrin (see Chapter 7). Therefore, P-spectrin is rate-limiting in the overall 
spectrin synthesis. If patients who are heterozygous for an a-spectrin defect, 
they are still able to produce enough normal a-spectrin chains to pair with all of 
the p-spectrin chains synthesized. Thus, one can expect that patients with a-spec¬ 
trin defects should only be symptomatic when the defect exists in the homozygous 
or compound heterozygous state. Along the same line of discussion, deficiency of 
the limiting P-spectrin chains due to P-spectrin defects should be expressed as a 
dominantly inherited trait. 

Spectrin deficiency in HS patients was observed in both the dominant [77—85] 
and also recessive [10] inheritance forms (Table 10.1). In general, the degree of spec¬ 
trin deficiency correlates with the extent of microspherocytosis, the ability to resist 
against shear stress, the degree of hemolysis, and the response to splenectomy. 

Regarding the a-spectrin anomaly in the HS patients, a-spectrin mutations 
[88—92] appear to be rare. However, a patient with severe HS has been reported, 
who was a compound heterozygote for two different a-spectrin gene mutations 
[86—90]. In one allele, there was a mutation of a-spectrin Prague [89], and in the 
other allele there was another mutation of a-spectrin LEPRA (Low Expression PRA- 
gue) [90]. This variant, a C—>T substitution 99 nucleotides upstream of the acceptor 
splice site of intron 30 of the a-spectrin gene, produces an aberrantly spliced a- 
spectrin mRNA. The variant allele produces approximately six-fold less of the cor¬ 
rectly spliced a-spectrin transcript than the normal allele. In the heterozygous 
state, a-spectrin LEPRA is asymptomatic, as expected. The combination of a-spec¬ 
trin LEPRA with other mutations of a-spectrin in trans, leads to significant a-spec¬ 
trin deficiency and severe anemia with microspherocytosis. In many patients with 
nondominant, spectrin-deficiency in HS patients, a-spectrin LEPRA is in linkage 
dysequilibrium with a-spectrin Bughill [87, 88], which demonstrates an amino 
acid substitution in the all domain of the a-spectrin gene, and is not itself respon¬ 
sible for HS. The two other reports on the same line have recently been published 
[91, 92] implicating that the combination of a-spectrin LEPRA and a-spectrin allele 
encoding a nonfunctional peptide may produce severe nondominant HS. 

A lethal and near lethal HS which was associated with serious (26% of normal) 
spectrin deficiency showed a markedly decreased a-spectrin synthesis at the stage 
of burst-forming unit-erythroid (BFU-E) during erythroid differentiation. The pro¬ 
band appears to possess at least two genetic defects that in a simple heterozygote 
have essentially no adverse consequences. 
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Mutations of the P-spectrin gene [10, 78—82] have been identified in a number of 
patients with dominantly inherited HS associated with spectrin deficiency (Table 
10.1). These mutations are basically private and unique to individual kindred, ex¬ 
cept for P-spectrin Houston [10], which has been found in patients from several un¬ 
related kindred. Therefore, P-spectrin Houston is a frameshift mutation due to a 
single nucleotide deletion of the p-spectrin gene, and might be a common P-spec¬ 
trin mutation associated with HS. 

Amongst the various tpes of gene mutations, truncated P-spectrin chains due to 
genomic deletions, exon skipping, and frameshift mutations have now been iden¬ 
tified. A few missense mutations associated with HS have been described. Spectrin 
Kissimmee [84, 85] is one of these missense mutations, and is an unstable p-spectrin 
that cannot bind protein 4.1 and binds poorly to actin due to a point mutation in a 
highly conserved region of P-spectrin probably at the region of protein 4.1 binding. 

In some HS patients with the P-spectrin gene mutations, the presence of a sub¬ 
population of acanthocytes [10] as well as microspherocytes is noted. 


10.5 

Cellular Phenotypes: Spherocytosis and Membrane Transport 

Spherocytosis is a true indicator of HS. Typical spherocytes, especially microspher¬ 
ocytes, demonstrate a decreased surface-to-volume ratio, which comes from loss of 
membrane surface. HS red cells are caused by local disconnection of the skeleton 
and lipid bilayer, which is followed by membrane vesiculation of the surface com¬ 
ponents at the unsupported membrane regions. Thereafter, progressive reduction 
in membrane surface area is accelerated leading to the formation of spherocytes. In 
fact, the lipid contents of the phospholipids and free cholesterol in HS red cells of 
the unsplenectomized patients are significantly decreased; i. e., 2306 ± 169 gg per 
10 10 red cells in total phospholipids (normal: 2600 + 220), and 1084 ± 63 gg per 
10 10 red cells in free cholesterol (normal: 1203 ± 93) [93, 94]. These values of iso¬ 
lated spherocytes are more markedly reduced and it clearly indicates the loss of sur¬ 
face area in these HS red cells. HS red cells lose their membrane more readily than 
normal when metabolically deprived or when their ghosts are subjected to condi¬ 
tions facilitating vesiculation. 

It is now known that the molecular basis of HS is heterogeneous, and that sur¬ 
face area deficiency is a consequence of several distinct molecular mechanisms re¬ 
sulting in weakened vertical connections between the skeleton and the lipid bilayer 
membrane. Two principal hypotheses have been proposed, based on the biochem¬ 
ical results on the abnormalities in HS membranes [95]. In the first hypothesis, the 
lipid bilayer and integral membrane proteins are directly stabilized by their inter¬ 
action with ankyrin or the spectrin skeleton. In patients with isolated spectrin de¬ 
ficiency or a combined deficiency of ankyrin and spectrin, the surface area defi¬ 
ciency appears to be associated with an uncoupling of the lipid bilayer membrane 
from the underlying skeleton. Spectrin deficiency, directly or indirectly due to an¬ 
kyrin deficiency, appears to lead to a decreased density of the skeletal network (Fig. 
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16.3) which lies underneath the lipid bilayer membrane. Consequently, unsup¬ 
ported areas of the lipid bilayer membrane by the skeletal network are susceptible 
to release from the cells as microvesicles. Cell surface area and membrane stability 
are proportional to red cell spectrin content and are decreased in HS red cells. 
Therefore, spectrin-deficient spherocytes are believed to be less resistant against 
shear stress in the peripheral circulation and to be subjected to splenic sequestra¬ 
tion. 

In the second hypothesis regarding the role of band 3, membrane surface area is 
stabilized by interactions of band 3 with neighboring lipids. Band 3 protein is 
known to span many folds of the lipid bilayer membrane. Therefore, in the 
band 3 deficient state, a substantial amount of boundary lipid is released together 
with the band 3 protein molecules, which leads to a loss of surface area. It is also 
possible that, in band 3 deficiency, band 3-free regions can be produced in the 
membrane, which are followed by the formation of membrane blebs. The mem¬ 
brane will be subsequently released from the cells as microvesicles. This is typically 
observed in red cells of bovine band 3 deficiency [58] (Figs. 15.1 and 15.5) and also 
of targeted band 3 knockout mice [59, 64]. Red cells totally lacking band 3 mole¬ 
cules released membrane vesicles by marked microvesiculation, probably due to 
the distinct instability of the membrane ultrastructure. 

It is believed that HS red cells are intrinsically more leaky to Na + and K + ions 
than normal red cells [96]. A similar abnormality is observed in spectrin-deficient 
mice [97]. In fact, the excessive Na + influx, increased activity of Na + , K + -ATPase, 
and the accelerated ATP turnover and glycolysis are known in HS red cells. How¬ 
ever, the extent of the Na + flux does not correlate with the extent of hemolysis in 
HS patients [98]. Furthermore, patients with hereditary hydrocytosis with a much 
more enhanced Na + permeability do not develop microspherocytosis, but rather de¬ 
velop marked cell hydration. In contrast, HS red cells are significantly dehydrated 
cells even with increased Na + permeability. Therefore, this modest Na + leak per se 
is not responsible for the increased hemolysis of HS red cells although the path¬ 
ways causing HS red cell dehydration have not been clearly defined. 


10.6 

Role of the Spleen 

The presence of splenomegaly had already been recognized in 1871 by Vanlair and 
Masius (see Section 1.2). The pathogenesis is composed of two factors: (1) mem¬ 
brane abnormalities of HS red cells, and (2) the contribution of the spleen. 

The impaired red cell deformability is derived from microspherocytosis with a 
decreased cell surface to cell volume ratio. HS red cells lack cell surface area suffi¬ 
cient for passing through narrow microcirculation openings in the spleen, which is 
available in normal red cells. The HS red cells are entrapped at fenestrations in the 
wall of splenic sinuses, where blood from the splenic cords of the red pulp enters 
the venous circulation [4—6, 95, 99]. The length and width of these fenestrations 
are 2—3 pm and 0.2—0.5 pm, respectively. The size of these openings is about 
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Figure 10.2 Sequestration of 
spheroid cells in the splenic sinus in 
patients with hereditary spherocyto¬ 
sis. A and B are scanning electron 
micrographs in the spleen taken 
from patients with hereditary spher¬ 
ocytosis. A marked exocytosis is 
observed in spheroid red cells as 
indicated by arrows. 



one-half the red cell diameter. The less deformable spheroid cells are entrapped 
in the red pulp of the specimens of the spleen which were obtained from an HS 
patient after splenectomy, as shown by the electron micrographs (Fig. 10.2). 

The relative percentage of various red cell shapes in peripheral blood of HS pa¬ 
tients is 38.0 ± 5.2% in discocytes, 31.3 ± 3.9% in disco-stomatocytes, 13.5 ± 
1.8% in stomatocytes, 5.4 ± 1.8% in stomato-spherocytes, 10.3 ± 0.7% in spher- 
ocytes, and 1.5 ± 0.3 % in poikilocytes, respectively. In red cells in the splenic vein, 
discocytes are 33.7%, disco-stomatocytes 18.8%, stomatocytes 17.8%, stomato- 
spherocytes 13.4%, spherocytes 14.5%, and poikilocytes 1.8%, respectively. 
In the intrasplenic blood, discocytes are 18.4 ± 2.2%, disco-stomatocytes 
21.3 ± 1.2%, stomatocytes 22.1 ± 2.6%, stomato-spherocytes 14.6 + 1.5%, spher¬ 
ocytes 18.7 ± 1.1 %, and poikilocytes 4.9 ± 0.5 %, respectively. These results clearly 
indicate the marked accumulation of spherocytes concomitant to the significant de¬ 
crease of discocytes inside the spleen. Even in the splenic vein, there is the same 
tendency as that in the spleen but to a lesser extent. 

After the entrappment of spherocytes inside the spleen, the HS red cells are sub¬ 
jected to metabolic stress with low pH, decreased glucose concentration, increased 
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Figure 10.3 Electron micrographs of the sple- phagocytized spherocytes (Sph) by a macro- 
nic specimens examined by transmission elec- phage in the spleen. D: Red cells (R), which are 
tron microscopy. A: exocytosis in a red cell is phagocytized, are partially digested in the cy- 
shown by an arrow. B: marked endocytosis in a toplasm of macrophage. N: nucleus, 
spherocyte is indicated by arrows. C: Three 


lactate level, and low oxygen tension in or near the splenic sinuses [4—6, 95]. In 
these circumstances, HS red cells undergo additional damage marked by further 
loss of surface area and an increased cell density (dehydrocytes). The other impor¬ 
tant factor is the presence of macrophages lined up on the vascular walls of the 
spleen. Electron micrography demonstrates clearly the presence of the phagocytic 
process of spherocytes by macrophages (Fig. 10.3). The detailed mechanism of this 
phagocytosis with the HS red cell surface alterations are still unclear. Altered phos¬ 
pholipid asymmetry may take place in the end-stage HS red cells, which are repeat¬ 
edly conditioned in the spleen. 


10.7 

Complications 

Gallstones as a result of hyperbilirubinemia are found in 22.2% of Japanese HS 
patients, and often in up to 50% of patients, even in those with a very mild 
form of the disorder [7]. The bilirubin stones are usually uncommon in very 
young children [4—6, 95]. Since the incidence of this complication is high, HS pa¬ 
tients should be periodically examined by ultrasound equipment for the presence 
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Figure 10.4 A giant proerythro¬ 
blast in the bone marrow was 
present in a patient with parvo¬ 
virus B19 infection (originally 
stained by the Wright—Giemsa 
method). 



of gallstones. When a splenectomy is scheduled, the concomitant surgical opera¬ 
tion of cholecystectomy will be recommended [100]. 

During its clinical course, a sudden episode of severe anemia may occur as a 
complication, mostly resulting from pure red cell aplasia by parvovirus B19 infec¬ 
tion (aplastic crisis) or from an acute hemolytic crisis [101]. The parvovirus infec¬ 
tion is also called an erythema infectiosum, or fifth disease, the clinical features of 
which are fever, chills, lethargy, malaise, nausea, vomiting, abdominal pain with 
occasional diarrhea, respiratory symptoms, muscle and joint pains, and a maculo- 
papular rash on the face, trunk and extremities [4—6, 95]. The parvovirus B19 vir¬ 
tually selectively infects erythroid precursors and inhibits their proliferation and 
differentiation, and the ensuing anemia. Erythroid replication is arrested in the 
S phase of the cell cycle by selective cytotoxic invasion of the virus into erythro- 
blasts, resulting in a severe, life-threatening acute aplastic crisis [101]. Since this 
is an endemic infection, multiple family members of the HS kindred can be in¬ 
fected and develop aplastic crises at the same time. This parvovirus infection can 
also be associated with neutropenia and thromocytopenia. Infection with this 
virus is dangerous particularly to susceptible pregnant women because it can infect 
the intrauterine fetus, ensuing serious fetal anemia, which may lead to hydrops fe¬ 
talis, and fetal miscarriage [4—6, 95]. Aplastic crisis was observed in 2 % of Japa¬ 
nese HS patients. When giant proerythroblasts present in the patient’s bone mar¬ 
row (Fig. 10.4) are examined by transmission electron microscopy, virus particles in 
the nucleus are clearly observed. Through genomic analyses of the virus, its amino 
acid sequence has been established. A nonstructural protein (77 kDa) of the virus 
appears to be responsible for the disturbance of erythropoiesis. 

Hemolytic crisis occurs fairly often, and was observed in 25.7% of HS patients 
[7] in association with fatigue, flu-like infection, pregnancy, parturition, the admin¬ 
istration of some drugs, or unknown etiology [4—6, 95]. 

Hematologic malignancies, such as myeloproliferative disorders, leukemias, and 
myelodysplastic syndrome, have been reported in HS patients [4—6, 95]. The 
pathogenesis that is speculated is that long-standing hematopoietic stress is predis¬ 
posed to the development of these secondary complications, although it is uncer¬ 
tain if these complications occurred at random. 
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As described previously, even in the HS patients with the more severe form, leg 
ulcers and extramedullary masses were not present in our nationwide survey in 
Japanese HS patients [7]. Thus, these complications may exist, but appear to be 
extremely rare, compared with those in severe hemoglobinopathies. 


10.8 

Therapy and Prognosis 

The removal of the spleen, which is the major site of the destruction of the HS red 
cells, is undoubtedly the first choice of treatment for HS [4—7, 100]. 

In the nationwide survey for HS by the Committee for Studies on Hemolytic An¬ 
emias assigned to the Japanese Ministry of Health and Welfare (1974—1977), 
60.2% of the HS patients was subjected to splenectomy [7]. The final outcome 
showed that nearly complete remission was obtained in 68.8% of these HS pa¬ 
tients, effective results in 16.9%, and minimal effects in 3.9%, respectively [7]. 
Thus, beneficial results through splenectomy were obtained in 89.6% of the HS 
patients. These patients were splenectomized within 2 years of the diagnosis of 
HS being established. 

Splenectomy is the best treatment for HS [5, 100]. After splenectomy, red cell 
counts were improved to 4.44 ± 0.64 X 10 6 juL 1 from 3.07 ± 0.62 X 10 6 glT 1 be¬ 
fore splenectomy, Hb to 13.7 ± 1.7 g dlT 1 from 9.9 ± 2.1 g dlT 1 , Hct to 39.5 ± 
4.4% from 27.8 ± 5.4%, reticulocytes 2.1 ± 4.5% (or 0.09 ± 0.17 X 10 6 plT 1 ) 
from 12.2 ± 10.0% (or 0.37 ± 0.32 X 10 6 pLT 1 ), total bilirubin 0.90 ± 
0.50 mg dlT 1 from 4.00 ± 2.12 mg dlT 1 , and apparent half-life of red cell survival 
(T 1/2 ) to 22.4 ± 6.2 days from 9.9 ± 4.0 days, respectively [7]. The spleen size was 
606 ± 378 g in these HS patients [7]. 

Based on these results as described above, splenectomty is significantly effective 
in patients with typical forms of HS. However, red cell membrane abnormalities 
per se persist, such as microspherocytosis and the increased osmotic fragility 
[4-7, 96]. 

At the time of splenectomy, it is also preferable to carry out a cholecystectomy, 
especially in patients with frequent gallstone episodes [100]. 

The benefits and risks of splenectomy must be considered carefully in HS pa¬ 
tients [5, 100]. Generally speaking, the morbidity of splenectomy as a surgical prac¬ 
tice is clearly lower in HS than in other hematological disorders. The benefits of 
surgery, however, should be evaluated carefully against possible complications, 
especially postsplenectomy infections, including an increased frequency of penicil¬ 
lin-resistant pneumococci infection and the postsplenectomy sepsis syndrome 
[4—6, 95]. These complications are actually rare, and their frequency can also be 
reduced by appropriate vaccinations against Pneumococcus (Pnu-Imune 23 or 
equivalent, 0.5 mL intramuscularly or subcutaneously) with polyvalent vaccine as 
well as with vaccines against Hemophilus influenzae type b and Meningococcus (Me- 
nomune-A/C/Y/W—135, 0.5 mL intramuscularly) [100]. After splenectomy, prophy¬ 
lactic antibiotics (penicillin V 250 mg orally twice a day for adult patients) are 
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recommended [101]. HS patients should be given folic acid (1 mg a day orally) to 
prevent folate deficiency due to increased erythropoiesis [100]. Early complications 
of splenectomy should not be ignored, such as local infection, bleeding, and pan¬ 
creatitis. Therefore, splenectomy may not be recommended in HS patients with 
mild to moderate severity, who are younger than 3—5 years of age, because of 
an as yet incomplete immune system [4, 5, 100]. 

After splenectomy, clinical features of HS may reappear due to a relapse of this 
disorder by the enlargement of an accessory spleen, which escaped from the sur¬ 
gical resection. In some occasions, the reevaluation of diagnosis of HS per se 
may be required, when splenectomy was not effective [4—7, 100]. 

Laparoscopic splenectomy has been recommended by several surgical specialists, 
mainly from the cosmetic stand point [5, 100]. The disadvantages, however, should 
also be seriously considered: exposure of the patient to many hours under anesthe¬ 
sia for the operation, especially in cases with marked splenomegaly; the possibility 
of overlooking an accessory spleen, which would induce a relapse; and difficulty in 
controlling a tendency to hemorrhaging [5, 100]. 
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Hereditary Elliptocytosis (HE) 

n.i 

Definition and Epidemiology 

Hereditary elliptocytosis (HE) is a group of inherited disorders that demonstrate 
the characteristic feature of the presence of elliptocytes on blood films obtained 
from peripheral blood [1—4]. The red cell morphology varies from so-called “rod¬ 
shaped” red cells to oval-shaped red cells (ovalocytes) (Fig. 11.1). This disorder ap¬ 
pears to be a relatively common, clinically heterogeneous disorder. In the more se¬ 
vere form of this disorder, spherocytes or poikilocytic bizarre-shaped red cells are 
also present, especially in hereditary pyropoikilocytosis (HPP) [1—4]. 
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It is known that elliptocytosis was first reported by Dresbach in 1904 [5] followed 
by Hunter and Adams who established the hereditary property of this disorder in 
1929 [6]. 

It should be mentioned that elliptocytosis per se is not necessarily associated with 
a hemolytic nature [1—4]. Substantial numbers of individuals with hereditary ellip¬ 
tocytosis do not demonstrate any significant hemolytic anemia. Therefore, consid¬ 
erable debate has taken place regarding the question of whether this disorder of 
elliptocytosis is a disease or a simple morphological polymorphism [1—4]. In 
fact, in nature, elliptocytosis itself has widely been recognized in reptiles, birds, ca¬ 
mels and many others, where it is not associated with any hemolytic anemia, nor 
with hemolytic episodes [7]. In reptiles and birds, elliptocytic cells in peripheral cir¬ 
culation are composed of nucleated red cells [7]. 

The true incidence of HE is not really known because its clinical severity varies, 
and many individuals with typical elliptocytosis are asymptomatic and do not show 
hemolytic anemia. The prevalence of HE in the population in the USA is estimated 
to be about 3—5 per 10 000 [1—4]. Based on the results from the survey study by the 
Hemolytic Anemia Study Committee assigned to the Japanese Ministry of Health 
and Welfare in 1974 [8], the relative incidence of hemolytic HE compared with that 
of HS was seven cases to 181 cases of HS, although no field study was performed. 
At my own laboratory at the Kawasaki Medical School, the number of kindred and 
patients with HE was 68 (11.2%) and 137 (13.5%) out of 605 kindred and 1014 
patients with red cell membrane disorders of hereditary origins (in 1975—2000), 
respectively [9]. The relative incidence of HE compared with HS was 1:4.5 in the 
kindred and 1:4.2 in the patients among these two disorders. 

Hereditary elliptocytosis is generally an autosomal dominantly inherited disorder 
[1—4]. Homozygous or compound heterozygous patients for HE usually demon¬ 
strated a more severe phenotype with increased hemolysis and splenomegaly. Het¬ 
erozygous patients appear to be mild or even asymptomatic in their clinical pheno¬ 
type. 

Hereditary pyropoikilocytosis (HPP), which was first described [10] in children 
with congenital hemolytic anemia with fragmented and irregularly shaped red 
cells when heated, is now thought to be a severe form of HE. HPP is a much 
rarer disorder. The patients are expected to be homozygotes for certain HE 
genes, compound heterozygotes for two different HE alleles, or coinheritants of 
a certain HE gene and a low expression gene as a gene modifier, such as the 
a LELY allele (Low Expression gene LYon) (see Sections 4.1, 11.4 and 14.1.2). 

Another interesting disorder of this category is Southeast Asian ovalocytosis 
(SAO), which is also a distinct and homogeneous subgroup of HE prevailing ende- 
mically in some parts of Southeast Asia, especially in Malaysia and Polynesia [11] 
(see Section 11.5 in detail). 

An elliptocytosis locus (ELI) has been considered to be closely linked to the Rh 
locus on chromosome lp34—p36 (Table 5.1), which is now known to be the gene 
for protein 4.1 (lp36.1) (Table 1.2). Another locus (EL2) has been reported on chro¬ 
mosome 1 near the Duffy blood group antigen locus (lq22—q23) (Table 5.1), which 
is now known to be assigned to the a-spectrin gene (lq22—q23) (Table 1.2). The 
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third locus has recently been suggested to be an X-linked elliptocytosis locus (band 
q22 in the X chromosome), which is associated with Alport syndrome [12]. 


11.2 

Clinical and Laboratory Findings 

The HE syndrome is divided into several subgroups based on clinical severity and 
other characteristic features [1—4]. Molecular and genetic abnormalities in differ¬ 
ent membrane proteins usually induce a similar clinical phenotype, probably dis¬ 
rupting red cell membrane integrity, in particular red cell deformability, through a 
uniform mechanism. 

The most common type of HE is known as common HE, typically with autoso¬ 
mal dominant inheritance [1—4]. The clinical phenotype is usually mild with 
neither anemia nor splenomegaly. Red cell survival is basically not shortened. In 
some patients, there may be very mild, compensated hemolysis, a slight reticulo- 
cytosis, and a slightly increased indirect bilirubin with a decreased haptoglobin. 
A striking feature of this common HS is marked elliptocytosis (usually 
50—90%) without poikilocytosis, budding, fragmentation, or spherocytosis (Fig. 
11.1). The extent of elliptocytic transformation is typically striking, such as very 
elongated elliptocytes (rod-shaped red cells), which are present at from 2 to 5% 
in normal peripheral blood. The rod-shaped elliptocytes are present mostly in 
the HE patients without hemolysis (21.1 ± 11.4% of total elliptocytes) rather 
than in those with overt hemolysis (2.1 ± 1.7%) [13]. Instead, hemolytic HE 
tends to demonstrate ovalocytosis rather than rod-shaped red cells in peripheral 
blood. Stomatocytic changes, which are superimposed on elliptocytosis, are less 
striking in non-hemolytic HE (21.2 ± 7.9 % of the total red cells) than in hemolytic 
HE (30.4 ± 13.9%) [13]. The clinical phenotype in common HE without overt he¬ 
molysis demonstrates 4.20 ± 0.70 X 10 6 pL _1 of the red cell count, 1.8 + 0.9% of 
reticulocytes, 34.2 ± 0.7 % of the mean corpuscular hemoglobin concentration 
(MCHC), and 0.3 ± 0.1 mg dL~ J of the indirect bilirubin level, compared with 
those in hemolytic HE, such as 2.87 ± 0.69 X 10 6 5.5 ± 4.6%, 35.0 ± 

2.2%, and 3.7 ± 3.1 mg dLT 1 , respectively [13]. 

It is known that elliptocytic transformation in common HE may become promi¬ 
nent with time, is less frequent in the cord blood of infants, and much more in 
adults [1—4]. 

Although typical common HE does not usually demonstrate any clinical symp¬ 
toms, a more severe, uncompensated anemia may develop in a minority of the pa¬ 
tients with common HE. Acute hemolytic episodes may be evoked by infections 
(viral or bacterial), pregnancy and delivery, malaria, cirrhosis, and many other 
pathogeneses [1—4]. 

Chronic uncompensated hemolysis may also be observed in common HE. The 
pathogenesis is still unclear in most cases, except for a genetic modifying factor 
such as the low-expression gene a LELY (Low Expression gene LYon) (see Sections 
4.1, 11.3.3 and 14.1.2). 
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Some infants with common HE suffer from moderately severe hemolytic anemia 
with marked red cell poikilocytosis and neonatal jaundice. Elliptocytosis is usually 
less striking. It has been reported that elevated free 2,3-diphosphoglycerate (2,3- 
DPG) in fetal red cells increases the fragility of isolated red cell ghosts, and weak¬ 
ens actin—protein 4.1 binding, protein 4.1—glycophorin C, and ankyrin—band 3 
binding [14]. Therefore, this mechanism may play some role in disturbing the for¬ 
mation of the normal cytoskeletal network, especially spectrin self-association. 

The laboratory findings on common HE is not remarkable, except for prominent 
elliptocytosis, most of which are rod-shaped red cells. Conventional studies in clin¬ 
ical hematology reveal no substantial abnormalities. Osmotic fragility is usually 
normal, and ektacytometry yields normal red cell deformability in common HE. 
Thermal hypersensitivity of red cells is not observed. 

The next clinical phenotype is severe HE, which resembles hereditary pyropoiki- 
locytosis (HPP). The patients are homozygous or compound heterozygous HE, and 
demonstrate a very severe or even fatal transfusion-dependent hemolytic anemia 
with marked red cell fragmentation, poikilocytosis, spherocytosis, and elliptocytosis 

[1-4]- 

HPP is characterized by a severe hemolytic anemia in infancy or early childhood 
with extreme poikilocytosis, striking bud formation and fragmentation [10, 15, 16]. 
Spherocytes, elliptocytes, triangular red cells and other bizarre-shaped red cells are 
seen in the peripheral circulation. When this severe anemia persists for many years 
especially in infancy and childhood, long-term complications of severe anemia will 
be growth retardation, frontal bossing, and cholelithiasis in the early stage of this 
HPP. The most characteristic feature of HPP is the prominent thermal sensitivity. 
Normal red cells do not fragment until 49 °C when they are subjected to heat treat¬ 
ment for a short period of time [10]. Normal red cells become unstable and frag¬ 
ment spontaneously at the temperatures above 50 °C probably because of denatura- 
tion of spectrin. HPP red cells start to fragment after 10 min at 44—46 °C. These 
red cells fragment even at 37 °C under prolonged heat treatment for 6 h. Purified 
spectrin from HPP red cells is heat-sensitive, implying that an increased sensitivity 
of spectrin to heat denaturation appears to be pathognomonic for HPP. It has also 
been reported that the red cells of severe HE or HPP are deficient in spectrin, by up 
to 30% less than the normal level [17]. Osmotic fragility is definitely abnormal in 
severe forms of HE and HPP reflecting a loss of red cell membranes due to their 
fragmentation. Ektacytometry demonstrates markedly decreased red cell deform¬ 
ability. In severely affected patients with HPP, the MCV is very low (indicating se¬ 
vere microcytosis) because of the presence of numerous fragmented red cells. 

The third clinical phenotype of HE is spherocytic HE [1—4]. This subgroup ap¬ 
pears to be a hybrid of HE and HS. This condition is reasonably rare, and the ex¬ 
tent of hemolytic anemia is mild to moderate. The red cell morphology indicates a 
mixture of some spherocytes, microspherocytes, and microelliptocytes. The clinical 
expression of this spherocytic HE is similar to that of classical HS, showing in¬ 
creased osmotic fragility and increased autohemolysis, which is protected in the 
presence of glucose. Splenic sequestration of the abnormal red cells is definitely 
present just as in HS. 
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The fourth clinical phenotype of HE is a distinct entity, Southeast Asian ovalocy¬ 
tosis (SAO) [11, 18, 19]. This disorder is found mainly in the aboriginal populations 
of Melanesia, Papua New Guinea, and other related regions. The heterozygous in¬ 
dividuals are usually asymptomatic or have mild compensated hemolysis. Homo¬ 
zygosity appears to be lethal [20]. A red cell morphology is unique; that is, ovalo¬ 
cytes (round elliptocytes) of 20—50% of the total peripheral red cells, some of 
which have one or more traverse bars that divide the central portion of biconcave 
ovalocytes. SAO red cells are rigid rather than deformable due to increased rigidity 
and decreased deformability of the red cell membrane [21]. SAO red cells are also 
heat-stable, and osmotically resistant [22]. It is interesting to note that many blood 
group antigens (I T , I F , LW, D, C, e, S, s, U, Kp b , Jk a , Jk b , Xg a , Wr b , Scl, En a , etc.) are 
deficient or poorly expressed on the surface of SAO red cells [23]. There is a de¬ 
creasing SAO prevalence in malaria patients with the more severe disease, suggest¬ 
ing that the rigid SAO red cells are resistant to invasion by malaria parasites [22]. 

X-linked elliptocytosis has recently been reported in four members of an English 
family with a deletion of band q22 in the X chromosome [12]. These members have 
Alport syndrome due to deletion of the COL4A5 gene. Mental retardation, dys¬ 
morphic faces with midface hypoplasia, and marked elliptocytosis were observed 
in the two affected male members. However, there was no anemia with normal re¬ 
ticulocytes and normal red cell membrane fragility. The detailed pathogenesis re¬ 
mains to be elucidated in the near future. 


11.3 

Pathogenesis: Affected Proteins and Their Related Gene Mutations 

11 . 3.1 

Overall Pathogenesis 

Although much extensive clinical and scientific information has been accumu¬ 
lated, the exact pathobiology of the elliptocytic shape is still not really understood 
in detail. In hereditary elliptocytosis, nucleated erythroid precursors are round in 
shape, and elongate or fragment during peripheral circulation of their red cells, 
when burst-forming unit erythroids (BFU-E), which are obtained from the periph¬ 
eral blood of HE patients, are incubated by the two-phase liquid culture method 
[24]; newly-formed erythroblasts and red cells are round and discoid in shape. 
This process resembles the gradual development of spherocytosis in hereditary 
spherocytosis. These observations support the hypothesis that the process of the 
morphological change is secondary to the intrinsic structural instability of the ske¬ 
leton. Skeletal defects appear to lead to elliptocytosis by increasing membrane plas¬ 
ticity. Normal red cells are able to recover their discoid shape reversibly, even after 
they are subjected to transient deformation forces. Spectrin—spectrin or spec¬ 
trin—actin interactions realign, responding to prolonged shear stress. However, 
the HE red cells with defective horizontal skeletal interactions demonstrate an ir¬ 
reversible change in shape of the membrane skeleton when under the same con- 
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dition as normal red cells. The red cells with more severe horizontal skeletal de¬ 
fects such as HE or HPP red cells tend to become elliptocytic, and unable to with¬ 
stand the shear stresses present during normal circulation. Even though the exact 
molecular mechanisms are not well defined in the different subtypes of HE, the 
processes that produce a shortened red cell life span should be identical to those 
in the various hereditary hemolytic disorders. Splenectomy is unequivocally effec¬ 
tive, although the molecular mechanisms for splenic sequestration, “splenic con¬ 
ditioning”, and red cell destruction have not been well defined. 

The principal defect in HE and HPP red cells is mechanical weakness or in¬ 
creased fragility of the red cell membrane skeleton. In HE, numerous abnormal¬ 
ities of various red cell membrane proteins have been identified [1—3]. The 
major membrane proteins pathognomonic for this disorder are a-spectrin, P-spec- 
trin, protein 4.1, and glycophorin C (GPC). The majority of molecular defects are 
found in spectrins, which are the principal structural proteins of the red cell mem¬ 
brane skeleton. Most spectrin defects in HE and HPP are the impairment of the 
ability of spectrin dimers to self-associate into tetramers and oligomers, leading 
to disruption of the membrane skeleton. Abnormalities of protein 4.1 primarily in¬ 
duce disruption of the spectrin—actin attachment to the membrane through glyco¬ 
phorin C. The mechanical instability in abnormal glycophorin C, therefore, ap¬ 
pears to be due to a secondary deficiency of protein 4.1. Whichever of these mem¬ 
brane proteins are affected, the membrane skeleton is disrupted, resulting in me¬ 
chanical instability which causes red cell fragmentation with increased hemolysis 
under conditions of normal shear stress in peripheral circulation. 

11 . 3.2 

Analysis of Membrane Protein Abnormalities 

To detect molecular abnormalities of red cell membrane proteins in HE, the pri¬ 
mary method is electrophoretic separation of solubilized membrane proteins 
(see Section 2.3.1 and Fig. 1.3). In red cell membrane disorders, sodium dodecyl- 
sulfate polyacrylamide gel electrophoresis (SDS—PAGE) is the first step towards 
detecting abnormalities of membrane proteins through the abnormal electrophore¬ 
tic mobility of these proteins, which is identified by Western blotting with antibo¬ 
dies specific for these membrane proteins (Fig. 11.2). This procedure aims to detect 
truncated a- or p-spectrins in HE and HPP, truncated or elongated forms of protein 
4.1, and a partial or complete deficiency of protein 4.1 in HE. A partial deficiency of 
spectrin can be detected by a decreased spectrin/band 3 ratio or a decreased spec¬ 
trin content on each red cell from the results with SDS—PAGE gels, especially in 
HPP. Glycophorin C, one of the glycoproteins, can be detected on the SDS—PAGE 
gels with periodic acid—Schiff (PAS) staining, through which a deficiency of glyco¬ 
phorin C can be detected in a rare individual with a mild recessively inherited HE. 
Glycophorin C deficiency is also observed in protein 4.1-deficient HE patients. 

To identify the most common functional abnormality in HE, analysis of the ratio 
of tetrameric spectrin (SpT) and dimeric spectrin (SpD) in low ionic strength ex¬ 
tracts is usually carried out (Fig. 11.3). The procedure aims to detect weakened 
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self-association of spectrin heterodimers in tetramers. The spectrin dimer— 
tetramer interconversion requires a high activation energy, and is immobilized 
kinetically at around 0 °C [25]. Therefore, the percentage of SpD and SpT in the 
crude spectrin extract at 0 °C indicates the relative distribution of these spectrins 
in the red cell membrane in situ [26]. When any mutations are present within or 
near the aP-spectrin heterodimer self-association site, these mutations lead to in¬ 
creased SpD [27—29], which is normally 5 ± 5 %, in the crude spectrin extract 


at 0 °C. 


Tryptic peptide mapping of spectrin followed by electrophoretic separation is the 
third step to be performed (Fig. 11.4). When spectrin is partially digested by trypsin 
at 0 °C, and the resulting peptides are separated by two-dimensional isoelectric fo- 
cusing-SDS—PAGE, reproducible peptides are obtained [30, 31]. There are five tryp¬ 
sin-resistant domains on the a-spectrin (al through aV), and four on the P-chain 
(PI through PIV). Among these tryptic peptides of spectrin, the 80 kDa al domain 
peptide represents the self-association site of the normal a-spectrin. Analysis of 
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spectrin isolated from patients with HE or HPP by this method often shows abnor¬ 
mal peptide fragments that appear at varianious positions when compared with the 
normal, due to the generation of new, abnormal tryptic cleavage sites in the mutant 
spectrin chains. Nearly all a- or P-spectrin mutations known are associated with the 
formation of tryptic peptides that are abnormal in size and mobility, which are re¬ 
placed instead of the normal 80 kDa al domain peptide (Fig. 14.1 B). The most 
common abnormal tryptic peptides demonstrate the cleavage sites which are 
located in the third helix of a given triple helical repetitive segment. The known 
mutations are located near these cleavage sites either in the third helix or, less 
commonly, in the first helix or the second helix of a given repetitive segment. 
Thus, tryptic peptide mapping is an important method for the detection of the 
site of the underlying spectrin mutation, which can be identified by amplification 
with a polymerase chain reaction (PCR) and sequencing of the respective region of 
the genomic DNA or cDNA, which are obtained from reticulocytes in peripheral 
blood. 

11.3.3 

Molecular Etiology 

Elucidation of the molecular pathophysiology in HE or HPP has been achieved by 
DNA analysis of the genes of the major membrane skeletal proteins. The defects in 
HE or HPP appear to lie chiefly in the components of the red cell membrane ske¬ 
leton that are responsible for the horizontal interactions within the skeletal net¬ 
work, especially, a-spectrin, p-spectrin and protein 4.1, along with glycophorin C 
as an integral protein. 

First of all, most of the a-spectrin mutations lie in the N-terminal, al domain 
that forms a region of the spectrin self-association site (Fig. 1.5). In most cases, 
the abnormal cleavage sites that produce the variant peptides are not the primary 
defects but are due to conformational changes of the spectrin chains associated 
with these defects. Generally speaking, there is an inverse relationship between 
the distance of the defect from the spectrin dimer self-association site and its asso- 
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dated dinical severity. The doser to the self-association site, the greater the func¬ 
tional defect, and the more severe the clinical illness. In the majority of a-spectrin 
mutations, the mutations alter tryptic maps and lie close to the site of an abnormal 
tryptic cleavage site. Most are located in helix B (or helix C) of the spectrin repeats 
and appear to disrupt the triple helical structure of the repeats. 

Numerous a-spectrin mutations have been reported in HE or HPP (Table 11.1). 

(1) The a I/78 defect indicates the presence of amino acid substitutions in codon 41 
or 45 of the a-spectrin peptide [32—34]. (2) The a I/74 defect comes from heteroge¬ 
neous mutations in codons 28, 34, 46, 48, or 49 [35—41]. Of these, codon 28, which 
contains a CpG dinucleotide site, appears to be a hot spot mutation, and is asso¬ 
ciated with four different mutations. The mutations in codons 45 or 48 are ob¬ 
served in severe HPP, and those in codons 41, 46, or 49 in a milder HE. (3) The 
a I/65 defect is associated with the duplication of a leucine residue in codon 154, 
or a missense mutation in codon 151, which is found in a mild HE [42—44]. (4) 

The a I/61 defect is yet to be examined. (5) The a I/5 ° defect comes either from sub¬ 
stitution of a proline, which probably impairs a-helix formation [42, 45—47], or 
from a single residue deletion in codon 469 [48]. Amongst the a 1/5 ° defects, a 49 
residue deletion in codons 178 to 226 is found in spectrin Dayton [49]. (6) The 
a 1/i6 defect arises from deletion of codons 363 to 371 due to activation of a cryptic 
splice site, which is observed in spectrin Sfax [50]. (7) The a II/31 defect is based on a 
point mutation in codon 791 (spectrin Jendouba) [51]. (8) The a II/21 defect is 
associated with a deletion of codons 822 to 862 (spectrin Oran) from a mutation 
in the acceptor splice site for exon 18, resulting in the skipping of exon 18 [52]. 


Table 11.1 A I ist of gene mutations in hereditary elliptocytosis. 

I. Mutations of the red cell a-spectrin gene ( SPTA) in hereditary elliptocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Peptide 

(Repeat) 

Lograno 

24 

ATC—>AGC 

I24S 

Missense 

- 

Unnamed 

28 

CGT—>TGT 

R28C 

Missense 

a" 74 (l) 

Corbeil 

28 

CGT—»CAT 

R28H 

Missense 

a'/ 74 ( 1) 

Unnamed 

28 

CGT—>CTT 

R28L 

Missense 

a I/74 (l) 

Unnamed 

28 

CGT—sAGT 

R28S 

Missense 

a" 74 (l) 

Marseille 

31 

GTG—>GCG 

V31A 

Missense 

- 

Genova 

34 

CGG—>TGG 

R34W 

Missense 

a I/74 (l) 

Tunis 

41 

CGG—>TGG 

R41W 

Missense 

a" 78 (l) 

Clichy 

45 

AGG—»AGT 

R45S 

Missense 

a'/ 78 (l) 

Anastasia 

45 

AGG—>ACG 

R45T 

Missense 

- 

Culoz 

46 

GGT—>GTT 

G46V 

Missense 

a" 74 (l) 

Unnamed 

48 

AAG—>AGG 

K48R 

Missense 

a'/ 74 ( 1) 
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I. Continued. 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Peptide 

(Repeat) 

Lyon 

49 

CTT—>TTT 

L49F 

Missense 

a'l 7 \ 1) 

Ponte de Sor 

151 

GGT—>GAT 

G151D 

Missense 

a I/65 (2-3) 

Unnamed 

154-155 

3 nt ins (+TTG) 

+L 

Insertion 

a I/65 (2-3) 

Dayton 

178-226 

Insertion 

in intron 4 

49 amino 

acids del. 

Deletion 

a^p) 

Saint Louis 

207 

CTG—>CCG 

L207P 

Missense 

a^ 50a (3) 

Nigerian 

260 

CTG—>CCG 

L260P 

Missense 

a I/50a( 3 _ 4 ) 

Unnamed 

261 

TCC—>CCC 

S261P 

Missense 

a I/50a (3-4) 

Sfax 

363 

1086 A—>G 

9 amino 

acids del. 

Abnormal splicing 
(Deletion) 

a I/36 (4-5) 

Alexandria 

469 

CAT—>Del 

1 amino acid 
(H469) del. 

Deletion 

a l l 50b ( 5-6) 

Barcelona 

469 

CAT—>CCT 

H469P 

Missense 

a V S0b (5-6) 

Unnamed 

471 

CAG—>CCG 

Q471P 

Missense 

a l l 50h ( 5-6) 

Jendouba 

791 

GAC—>GAA 

D791E 

Missense 

a II/31 (8-9) 

Oran 

822 

2465-1 G—>A 

41 amino 

acids del. 

Abnormal splicing 
(Deletion) 

a II/21 (9) 

St Claude 

936 

2806-13 T—>G 

31 amino 

acids del. 

Abnormal splicing 
(Deletion) 

a II/47 (10) 

LELY 

2177 

6528-12 C—>T 

6 amino 

acids del. 
(exon 46) 

Abnormal splicing 
(Deletion) 

a v / 41 


II. Mutations of the red cell P-spectrin gene (SPTB) in hereditary elliptocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 


Prague 

2008 

6023-1 G—>C 

PCT 

Abnormal splicing 


Campinas 

2008 

6219+1 G—>A 

PCT 

Abnormal splicing 


Gottingen 

2008 

6219+2 T-4A 

PCT 

Abnormal splicing 


Le Puy 

2008 

6219+4 A—>G 

PCT 

Abnormal splicing 


Yamagata 

2008 

6219+4 A—>G 

PCT 

Abnormal splicing 


Kuwaitino 

2018 

Ala—>Asp 

A2018D 

Missense 


Cagliari 

2018 

GCC^GGC 

A2018G 

Missense 


Providence 

2019 

TCT—>CCT 

S2019P 

Missense 


Paris 

2023 

GCG^GTG 

A2023V 

Missense 


Linguere 

2024 

TGG—>AGG 

W2024R 

Missense 
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II. Continued. 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Buffalo 

2025 

CTG—>CGG 

L2025R 

Missense 

Tandil 

2041 

6124-61307 nt del 
(-GACAGTG) 

PCT 

Frameshift (Del) 

Nice 

2046 

6136-61372 nt ins 
(+GA) 

PCT 

Frameshift (Ins) 

Kayes 

2053 

GCT—>CCT 

A2053P 

Missense 

Napoli 

2053 

6160-61678 nt del 

PCT 

Frameshift (Del) 

Tokyo 

2059 

61771 nt del (-C) 

PCT 

Frameshift (Del) 

Cotonoru 

2061 

TGG—>AGG 

W2061R 

Missense 

Cosenza 

2064 

CCC—>CGC 

R2064P 

Missense 

Nagoya 

2069 

GAG—7TAG 

E2069X 

Nonsense 

Rouen 

2074 

6269+3 G—>T 

PCT 

Abnormal 

splicing 


III. Mutations of the red cell protein 4.1 gene (EL 7) in hereditary elliptocytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Algeria 

1 

318 nt deletion 

Not 

expressed 

Abolition of 

initiation codon 

Annery 

1 

70 kb deletion 

Not 

expressed 

Abolition of 

initiation codon 

Lille 

1 

ATG—>ACG 

MIT 

Missense 

Madrid 

1 

2 ATG—>AGG 

MIR 

Missense 

Unnamed 

407 

Lys 407-Gly 486 
deletion 

K407-G486 

deletion 

Deletion 

Hurdle-Mills 

407 

Lys 407-Gln 529 
deletion 

K407-Q529 

duplication 

Duplication 

Aravis 

447 

Lys deletion 

K447 deleted 

Deletion 


IV. Mutation of the red cell anion exchanger-1 (AE1: band 3) gene ( EPB3) in hereditary ellipto¬ 
cytosis 


Name 

Codon 

Nucleotide 

Protein 

Mutation 

Southeast 

56 

AAG—>GAG 

Lys56Glu 

Polymorphism 

Asian 

400-408 

27 nt deletion 

Deleted 

Deletion 

ovalocytosis 



(400Ala— 
408Ala) 


(SAO) 















224 | 11.3 Pathogenesis: Affected Proteins and Their Related Cene Mutations 

It is interesting to note that there are very few truncated a-spectrin peptides in HE 
or HPP, whereas most of the [3-spectrin abnormalities are associated with serious 
gene mutations such as frameshift mutations, nonsense mutations, or abnormal 
splicings, leading to premature chain termination. It should be considered that 
a-spectrin is synthesized excessively, three- to four-fold more than P-spectrin during 
erythroid development and maturation. Therefore, even if a-spectrin mutation was to 
be present in one allele, enough a-spectrin chains from another normal allele would 
still be produced to make complete forms of a- and P-spectrin tetramers. Thus, one 
may expect that heterozygous individuals are completely asymptomatic and have 
their red cells of normal biconcave disc shape, in contrast to homozygous individuals 
with severe hemolytic anemia, poikilocytosis, microspherocytosis, and elliptocytosis. 

As described previously, the closer to the self-association site, the greater the 
functional defect, and the more severe the clinical phenotype. The best examples 
are the a I/74 defects, which are located right at the spectrin dimer self-association 
site, are accompanied by severe hemolytic anemia with a markedly increased 
SpD even in heterozygotes. The a I/65 defects, in contrast, which are located further 
from the self-association site, demonstrate milder hemolysis and impaired spectrin 
self-association but to a lesser extent. The situation is much more evident in the 
a 11 / 21 defect, which lies a long distance from the self-association site. Under 
these conditions, the illness is very mild even in homozygotes. 

It is known that in a common HE kindred with a-spectrin mutations, some fa¬ 
mily members may develop hemolytic anemia which is disproportionately severe 
compared with that expected from this type of primary mutation. In this case, 
the presence of a second, low-expression allele is suspected, which is silent in car¬ 
riers but contributes to the severity of the disease when present in trans to a struc¬ 
turally mutant allele. The low-expression a-spectrin allele is known as a LELY (Low 
Expression allele LYon) [53]. The best example is the co-existence of the a-spectrin 
variant (a v/41 ) and a C-to-T substitution in an acceptor splice site 12 nucleotides be¬ 
fore the splice junction that leads to 50 % in-frame skipping of exon 46, which is 
only 18 base pairs in length [54-56]. The exon lies within the nucleation site for a- 
to p-chain association. a-Spectrin chains lacking exon 46 fail to bind to P-spectrin 
chains or to be incorporated into the membrane skeleton, and are instead de¬ 
stroyed, because the nucleation site is interfered with under these conditions. 
The function of the remaining a-spectrins is normal, because the exon 46 is pres¬ 
ent. The a LELY allele itself is completely silent even in homozygous individuals, be¬ 
cause a LELY splicing mutation causes only partial skipping of exon 46 and, further¬ 
more, a-spectrin peptides are produced in excess even under normal conditions. 
When the a LELY allele is present in trans to a second allele encoding a structurally 
abnormal a-spectrin associated with HE, the mutant a-spectrin peptide with the 
structural defect will be incorporated preferentially into the membrane. As a result, 
the severity of the disease is aggravated drastically. When an HE mutation is pres¬ 
ent on a chromosome bearing the a LELY mutation in cis, a mild defect can be con¬ 
verted into a silent one or a severe one into a mild one. On the other hand, when a 
mutated HE allele is present in trans to the a LELY allele, a more severe clinical con¬ 
dition may develop such as severe HE or HPP. The a LELY allele is found in a sur- 
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prisingly high frequency (16—31%) in all ethnic groups such as Caucasians, Afri¬ 
cans, Japanese, Chinese, and Amazon Indians [57]. 

Now considering P-spectrin mutations, more than 20 mutations in P-spectrin 
have been identified in HE or HPP. The mutation sites are strictly clustered at 
or near the spectrin-dimer self-association site at the C-terminus of P-spectrin 
(Fig. 1.5). The types of mutations are various such as exon skippings [58—62], fra- 
meshift mutations [63—67], nonsense mutations [68] as well as missense muta¬ 
tions [35, 69—75] (Table 11.1). For example, in spectrin Tokyo (p 220 / 216 ) [63], 
which is one of the P-spectrin truncated variants, about 4 kDa are lost from the 
C-terminus of P-spectrin due to a frameshift mutation (GCCAGC—>GCAGCT) in 
codon 2059 of the P-spectrin gene. Low temperature spectrin extracts contain in¬ 
creased spectrin dimer (27 % of the total amount of the spectrin dimer—tetramer) 
compared with normal (5%), and most of the abnormal truncated p 2ls spectrin is 
observed to be in the dimer fraction (Fig. 14.4). Detailed information is available in 
Sections 4.1.2 and 14.2.2. It is clearly indicated that the truncated p 2ls peptide is 
incapable of oligomerizing properly (Fig. 14.4), and that this inability is responsible 
for the functional defect of P-spectrin. In spectrin Tokyo (p 220 / 216 ) ; the same as with 
other P-spectrin mutations, a-spectrin abnormality (such as a 1/74 ) is also observed 
by tryptic mapping. This is understood to be the result of a secondary abnormality, 
in which the N-terminus of the a-spectrin peptide is unable to bind to the trun¬ 
cated C-terminus of the P-spectrin peptide. 

It is interesting to note that the longer the region of the truncated peptide at the 
N-terminus of p-spectrin, the greater the functional defect, and the more severe the 
clinical phenotype. This tendency is clearly observed among three types of P-spec¬ 
trin anomalies, that is: P-spectrin Le Puy in Yamagata (p 220 / 214 ) [62], P-spectrin 
Tokyo (p 220 / 216 ) [63], and P-spectrin Nagoya (p 220/217 ) [68], in which the last normal 
codons are 2007, 2059, and 2069, respectively, as discussed in Sections 14.2.2, 
14.2.3, and 14.2.4 (Fig. 11.5). 


Polymerization site 

^-Spectrin (Shaded) 


Yamagata 


Figure 11.5 The sites of 
molecular mutations in 
P-spectrins Yamagata, Tokyo, 
and Nagoya. Two helices of 
P-spectrin (shaded) at its 
C-terminus and one helix of 
a-spectrin (open) at its 
N-terminus demonstrate a 
polymerization site. 
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Protein 4.1 mutations have also been reported in HE. 

Quantitative and qualitative defects of protein 4.1 due to protein 4.1 mutations 
have also been reported in HE. As regards quantitative abnormalities of protein 
4.1, four independent families have been known to have total deficiency of protein 
4.1, i. e.: protein 4.1 Algeria [76], protein 4.1 Annery [77], protein 4.1 Lille [78], and 
protein 4.1 Madrid [79] (Table 11.1). Alternate translation initiation sites are nor¬ 
mally present in the protein 4.1 mRNA (Figs. 4.5 and 14.10). When an upstream 
AUG is utilized, isoforms greater than 80 kDa are synthesized. During erythropoi- 
esis, this upstream AUG is spliced out and a downstream AUG is utilized, leading 
to the production of the 80 kDa mature erythroid protein 4.1 isoform. In these mu¬ 
tations of the protein 4.1 gene, the downstream initiation codon, which should be 
utilized by the 80 kDa erythroid isoform of protein 4.1, is eliminated by a 318 base 
pair deletion in protein 4.1 Algeria [76], a 70 kb deletion in protein 4.1 Annery [77], 
a missense mutation of MIT in protein Lille [78], and a missense mutation of MIR 
in protein 4.1 Madrid [79], respectively. In protein 4.1 Aravis [80], deletion of a sin¬ 
gle residue (K 447 del) in the spectrin-binding domain eliminates its ability to bind 
spectrin. Detailed information on protein 4.1 Madrid is available in Section 14.3.3 
(Figs. 14.9-14.15). These homozygous protein 4.1 (—) red cells also lack p55 and 
have only 30 % of the normal content of glycophorin C. Electron microscopic stud¬ 
ies of homozygous 4.1 (—) Madrid red cell membranes revealed a markedly dis¬ 
rupted skeletal network with disruption of the intramembrane particles [81], sug¬ 
gesting that protein 4.1 plays an important role in maintenance not only of the ske¬ 
letal network, but also of the integral proteins of the membrane structure. 

Qualitative defects of protein 4.1 include deletions and duplications of the exons 
encoding the spectrin-binding domain, leading either to truncated [82—84] or elon¬ 
gated [83, 84] forms of protein 4.1. The shorter form (protein 4.1 68/65 ) is derived 
from a deletion of 240 base pairs (Lys 407 —Gly 486 ) of the protein 4.1 gene, which in¬ 
clude the entire 10 kDa spectrin—actin binding domain, resulting in severe disrup¬ 
tion of the cytoskeletal network [82—84]. However, the elongated form (protein 
4.1 95 ) is produced by duplication of the segment of Lys 407 —Gin 529 , which includes 
the entire 10 kDa spectrin—actin binding domain, in the protein 4.1 gene of the 
patient [83, 84]. The clinical phenotype is a mild HE without anemia, probably be¬ 
cause the essential spectrin—actin binding domain is well preserved. Protein 4.1 
Presles is a third variant with a shortened protein 4.1 that migrates as a doublet 
with apparent sizes of 73 and 74 kDa [85]. This anomaly is caused by skipping 
one exon that encodes 34 amino acids near the beginning of the C-terminal 22/ 
24 kDa domain [86]. The homozygous patient is clinically silent. 

Although a partial deficiency of protein 4.1 appears to be present in numerous 
patients with mild dominantly inherited HE, the genetic pathogeneses have not 
been well defined because of the extremely complicated splicing events and poly¬ 
morphisms of the protein 4.1 gene in human beings (see Section 4.2 and Fig. 
4.5). Most patients with HE in Japan appear to be associated with partial deficien¬ 
cies of protein 4.1 [9[. 

Glycophorin C deficiency is also associated with elliptocytosis, especially the so- 
called Leach phenotype, which is caused by reduced expression of glycophorin C 
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(see Sections 5.2.2, 15.2.2, and Fig. 15.18). The Leach phenotype is usually due to a 
large deletion (exons 3 and 4) of genomic DNA of glycophorin C and D. Glyco- 
phorin C-deficient individuals are accompanied with a partial deficiency of protein 
4.1 and a lack of p55. This fact suggests that glycophorin C may form a complex 
with protein 4.1 and p55, or that they stabilize each other on the membrane. 

The red cell morphology in glycophorin C deficiency of the Leach type demon¬ 
strates elliptocytosis, whereas that in glycophorin A deficiency does not, having 
the normal biconcave disc shape. 

Band 3 abnormalities have not been detected in HE/HPP, except for Southeast 
Asian ovalocytosis (SAO) [11, 18—23], in which two genetic abnormalities are pres¬ 
ent, that is, band 3 Memphis (K56E), and deletion of amino acid residues 400—408 at 
the junction between the cytoplasmic and membrane domains [87, 88]. This deletion 
removes part of the first transmembrane a helix. Consequently, band 3 SAO lacks 
anion transport activity. SAO red cells are known to be extremely rigid [89]. The cau¬ 
sal relationship between this extreme rigidity and the gene deletion of codons 
400—408 has not been well defined. The pathogenesis of the formation of ovalocy¬ 
tosis in this disorder also remains to be elucidated at some point in the near future. 


11.4 

Hereditary Pyropoikilocytosis (HPP) 

Hereditary pyropoikilocytosis (HPP) is a rare disorder in infancy or early child¬ 
hood, which manifests itself as severe hemolytic anemia with a hemoglobin 
level of from 2 to 5 g dL _1 characterized by extreme poikilocytosis with budding 
red cells, fragmented red cells, spherocytes, elliptocytes, triangular cells, and 
other bizarre-shaped red cells [10,15,16]. The first case was reported by Zarkowsky 
et al. in 1975 [10]. Although this HPP was initially considered as a separate entity, 
there is much convincing evidence that this disorder is related to HE. HPP is clini¬ 
cally and morphologically similar to the more severe forms in homozygous HE and 
HE with poikilocytosis in infancy. In many HPP cases, one of the parents or sib¬ 
lings has typical mild common HE. In some of these kindred, an identical molec¬ 
ular defect is found in siblings with phenotypically different diseases. A normal 
phenotype can also be observed in all of the first-degree relatives in other families. 
Hemolytic anemia is usually severe, requiring acute or chronic transfusion. In ad¬ 
dition to severe anemia, growth retardation, frontal bossing, and early gallbladder 
disease may also be complications. Most of the cases have been reported in indivi¬ 
duals of African origin. Clinically, HPP patients present with hyperbilirubinemia 
in the neonatal period or with severe anemia in the first few months of life. Red 
cell fragmentation, erythroblastosis, and splenomegaly have been reported. 

A number of biochemical and molecular defects are shared between HE and 
HPP. Laboratory tests reveal very abnormal osmotic fragility tests (especially 
after incubation for 24 h), and markedly increased autohemolysis. The mean cor¬ 
puscular volume (MCV) is very low (40—60 fL) in severely affected patients due to 
marked red cell fragmentation. 
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The identifying feature of this disorder is a remarkable thermal sensitivity of the 
affected red cells [10]. The HPP red cells fragment at 45—46 °C after short periods 
of heating (10—15 min), compared with 49 °C in normal red cells (Fig. 14.1 A). 
With prolonged heating of longer than 6 h, the HPP red cells may fragment 
even at 37 °C. 

Another characteristic feature is a marked deficiency of spectrin in HPP red cells 
(up to 30 % less than the normal quantity) [17]. HPP red cells, but not HE red cells, 
are usually markedly deficient in spectrin. This associated spectrin deficiency may 
explain why HPP patients often demonstrate phenotypes observed in HS patients, 
such as the presence of microspherocytosis and an abnormal osmotic fragility. In 
typical HPP, one parent of the HPP offspring carries an a-spectrin mutation 
whereas the other parent is fully asymptomatic and has no detectable biochemical 
abnormality. Studies of spectrin synthesis and mRNA levels present show that 
such asymptomatic parents carry a silent thalassemia-like defect of spectrin syn¬ 
thesis. In the case where this thalassemia-like defect is inherited coincidentally 
with the elliptocytogenic spectrin mutation in the HPP offspring, this defect en¬ 
hances the expression of the mutant spectrin in the cells and leads to a superim¬ 
posed spectrin deficiency. 

HPP patients are basically heterozygous for a structural variant of spectrin in¬ 
volving the self-association site but have a more severe phenotype than expected. 
It has been postulated that they have a second defect of a-spectrin that affects spec¬ 
trin production or accumulation. The parents who transmit the postulated defect 
are clinically and biochemically normal. 

A typical example is the low expression allele of a-spectrin (the a LELY allele) [53]. 
Cases where HPP patients are heterozygous for various mutant a-spectrins and 
who have the a v/41 polymorphism in trans are more severe than expected. However, 
the polymorphism itself is asymptomatic in either the heterozygous or homozy¬ 
gous state. Molecular studies identified two linked abnormalities. Together these 
changes identify the a LELY allele, which has a wide ethnic distrubution and is 
very common. In patients who are heterozygous for a LELY and a-spectrin mutation 
causing HPP, the limited synthesis of a LELY protein decreases the amount of spec¬ 
trin containing a LELY that is incorporated into the membrane by around 50 % and 
increases the relative incorporation of spectrin containing the HPP a-chain. Alpla 
spectrin chains that lack exon 46 fail to assemble into stable spectrin dimers and 
are degraded owing to defective spectrin nucleation. Spectrin a LELY should be dis¬ 
tinguished from the thalassemia-like defects of a-spectrin synthesis that also pro¬ 
duce a phenotype, when they are co-inherited with some of the a-spectrin muta¬ 
tions. Thalassemia-like defects are characterized by reduced a-spectrin mRNA le¬ 
vels and diminished a-spectrin synthesis. 

Splenectomy is effective, and hemolysis is markedly reduced after splenectomy, 
but not eliminated, giving for example, a 10—14 g dlT 1 hemoglobin level and 
3—10% reticulocytes in peripheral blood. 
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11.5 

Southeast Asian Ovalocytosis (SAO) 

In the 1970s it was reported that a unique type of ovalocytosis of hereditary origin 
existed in the aboriginal populations of Melanesian and Malaysia and also in some 
regions of Indonesia and the Philippines [11, 18, 19]. In lowland tribes, 
12.2—22.4% of the inhabitants are affected. This region is known to be where ma¬ 
laria is endemic. The prevalence of hereditary elliptocytosis, that is, Southeast 
Asian ovalocytosis (SAO) increases with age in this population. SAO appears to 
protect against malaria infections, especially serious infections and cerebral ma¬ 
laria. Therefore, individuals who have SAO appear to have a selective advantage 
in life. 

The morphological characteristic of SAO red cells is rounded elliptocytosis (ova¬ 
locytosis) with stomatocytic features. The extent of hemolysis is mild or absent, and 
anemia by hemolysis is apparently fully compensated. The red cell membranes of 
this disorder demonstrate unusually high heat resistance [22]. The maximum tem¬ 
perature for denaturation of red cell membranes is 52 °C in this disorder compared 
with 49 °C in normal red cells and with 46 °C in hereditary pyropoikilocytosis 
(HPP). Other characteristic features of the SAO red cells are a lack of drug-induced 
endocytosis, resistance to crenation after storage in plasma or buffered saline solu¬ 
tions, increased Na + and K + permeability, elevated glucose consumption compen¬ 
sating for increased cation pumping, and increased autohemolysis [21]. It should 
be noted that the SAO red cells are osmotically resistant rather than fragile [22]. 

In addition, in the SAO red cells, many blood group antigens are poorly expressed 
or even missing such as I T , I F , LW, D, C, e, S, s, U, Kp b , Jk a , Jk b , Xg a , Wr b , Scl, and 
En a [23]. The pathogenesis is yet to be elucidated. 

Through molecular biology, it has been discovered that all carriers of the SAO 
phenotype are heterozygous for two mutations in cis: a deletion of nine codons 
encoding amino acids 400 through 408 [88, 89], which are located at the boundary 
of the cytoplasmic and membrane domains and the missense mutation of Lys 56 —» 

Glu 56 (an asymptomatic polymorphism as band 3 Memphis I) [87]. This deletion 
partly removes the first transmembrane a helix as an internal signal sequence, re¬ 
sulting in disruption of the structure of the membrane domain [90]. In addition, 
band 3 SAO is deficient in anion transport function [91]. In these carriers, one 
band 3 allele is normal, and the other allele contains two mutations as described 
above. 

There appears to be no SAO homozygotes that are lethal. SAO is caused by dele¬ 
tion of 27 bases from the band 3 gene which produces a single band in normal red 
cells and a doublet with the second band shorter, by 27 base pairs, in SAO red cells. 

Biochemically, the mutated SAO band 3 demonstrates marked restriction of lat¬ 
eral and rotational mobility, impaired sulfate anion transport [91], increased tyro¬ 
sine phosphorylation, and tight binding to ankyrin. SAO red cells are resistant 
to malaria invasion in vitro, probably because the SAO red cell membrane is 10 
to 20 times more rigid than normal. The rigidity of SAO red cells appears to be 
attributed to the impaired lateral movement of the skeletal network during red 
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cell deformation due to conformational changes of the cytoplasmic domain of the 
mutated band 3 of SAO red cells [92]. In addition to the tendency of the SAO band 
3 to bind abnormally tightly to the underlying skeleton through increased binding 
to ankyrin, the SAO band 3 tends to aggregate into higher oligomers, which may 
enhance band 3 attachment to ankyrin. Thus, the SAO band 3 adheres to the ske¬ 
leton firmly. 

The characteristic feature of SAO red cells is their resistance to malaria infec¬ 
tions [21]. Band 3 is known to be one of the malaria receptors, and parasites invade 
red cells with marked membrane remodeling and redistribution of intramembrane 
particles (IMPs) including band 3. In normal red cells, IMPs cluster at the sites of 
malaria invasion on red cell membranes in the form of a ring around the entrance 
orifice of this invasion. In SAO red cells, attachment and entry of malaria may be 
blocked by the reduced lateral mobility of band 3 and impaired band 3 receptor 
clustering [92]. Decreased exchange of anions across the SAO red cell membrane 
[91] may also contribute to the resistance of ovalocytes to malaria invasion. Expo¬ 
sure of red cells to various ligands that bind to glycophorin A has been found to 
decrease membrane deformability. 

The most specific test for establishing the diagnosis of SAO is the isolation of 
genomic DNA or reticulocyte cDNA with subsequent amplification of the dele¬ 
tion-containing region, because the underlying cause of SAO is basically the dele¬ 
tion of 27 bases from the band 3 gene (Fig. 11.6). Another useful screening test is 
the clinical demonstration of the resistance of ovalocytes or their ghosts to changes 
in shape produced by treatments that produce spiculation in normal cells, such as 
metabolic depletion (prolonged incubation of the SAO ovalocytes without glucose) 
or exposure of red cell ghosts to salt solutions. 



• Nonsense mutation 
® Frameshift mutation 
A Abnormal splicing 

• Missense mutation 

• Deletion in SAO 


Figure 11.6 Schematic demonstration of the localization of mutations of 
the human band 3 gene. 
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12 

Hereditary Stomatocytosis 

12.1 

Introduction 

Stomatocytosis is a syndrome of various disorders of heterogeneous origins with 
stomatocytes, which are characterized by a wide transverse slit or stoma in the 
red cell smear from peripheral blood [1—7]. 

The extent of stomatocytic change varies from discocytes through disco-stomato- 
cytes, stomatocytes, and stomatospherocytes, to sherocytes (Fig. 2.4). The character¬ 
istic red cell shape can be investigated in a wet frlm better than in a dry blood 
smear (Fig. 12.1). The red cell morphology can be well preserved by fixing red 
cells with isotonic phosphate buffer containing 1 % glutaraldehyde solution. One 
can reexamine the red cell morphology repeatedly anytime under light microscopy 
or scanning electron microscopy, once the red cells are fixed. 

Normal red cells of biconcave disc shape can be transformed by modifying their 
skeletal proteins or the lipid bilayer of the membrane [8—19]. As protein modifiers, 
vinca alkaloids (especially 0.3 mM vinblastine for a 2 h incubation), or colchicine 
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Figure 12.1 Morphological characteristics of by scanning electron microscopy (right). It 
hereditary stomatocytosis. Red cell morphology should be noted that the findings by phase 
in a patient with hereditary hydrocytosis was contrast light microscopy are identical to those 
examined by three different methods, that is, by by scanning electron microscopy, which is 
blood smear (with Wright-staining: left), by known to be most suitable for observing the 
phase contrast light microscopy (middle), and stereotactic shapes of red cells in vivo. 
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(9 mM for a 2 h incubation) can produce stomatocytic changes in more than 80 % 
of normal red cells. Lecithin (4.2 % for 5 h), cholic acids (2 mM for 1 h), Triton X 
(0.02% for 2 h), and primaquine (0.9 mM for 4 h) are also effective at producing 
stomatocytes, probably by interacting with the membrane lipid bilayer of normal 
red cells. These results may indicate that molecular modifications either of mem¬ 
brane proteins or of membrane lipids are able to induce red cell shape changes 
such as stomatocytosis. It has also been shown that when membrane lipids in nor¬ 
mal red cells are treated with phospholipase A 2 , the modification induces an in¬ 
crease in sodium leakiness, in addition to the formation of stomatocytes [20]. 

Concomitant to this stomatocytic change which is induced by various molecular 
modifiers, the monovalent cation transport (sodium influx) is substantially in¬ 
creased: most markedly (three-fold that of the normal discocytes) in vinblastine, 
moderately (roughly two-fold) in primaquine and lecithin, and least (1.1—1.5- 
fold) in cholic acids and colchicine even with the same degree of stomatocyte for¬ 
mation. 

The abnormalities of cation transport are usually expected to be associated with 
the abnormalities of cell hydration. 

Since the first description of hereditary stomatocytosis by Lock et al. (1961) [21], a 
variety of cases have been reported. From the standpoint of abnormal cell hydra¬ 
tion, the features of this disorder are fairly heterogeneous as would be expected 
from the experimental data, including the greatly increased cell hydration (hydro- 
cytosis) at one pole and the decreased cell hydration (dehydrocytosis, xerocytosis, or 
desiccytosis) at the other pole (Fig. 12.2). Thus, hereditary stomatocytosis is indeed 
a syndrome in the presence of marked stomatocytosis. The exact pathogenesis of 
this disorder has not been clarified, except for the presence of rare cases with 
red cell membrane lipid abnormalities such as hereditary high red cell membrane 
phosphatidylcholine hemolytic anemia (HPCHA) [22] and congenital lecithinxho- 
lesterol acyltransferase deficiency [23]. Abnormalities of red cell membrane lipids 
do induce stomatocytosis with impaired sodium transport (see Chapter 17). 


Normal Hydrocytosis Xerocytosis 



Figure 12.2 Scanning electron micrographs of red cells in hereditary stomatocytosis. 
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Thus, it is preferable to discuss the cases with stomatocytosis that are associated 
with distinct plasma and/or red cell membrane lipid abnormalities under the cate¬ 
gory of red cell membrane lipid disorders (Chapter 17). In the present chapter, her¬ 
editary stomatocytosis with normal membrane lipids will be described. 

Throughout our studies of 44 patients with stomatocytosis [7], we have become 
aware of the presence of a fair number of patients (22 cases) with marked stoma¬ 
tocytosis, but without any impaired sodium transport. In addition, approximately 
one-third of the patients with stomatocytosis did not show any overt hemolysis 
[7]. In general, there was no correlation between the extent of sodium influx and 
the extent of hemolysis [7]. Even in some patients with striking stomatocytosis, nor¬ 
mal sodium influx was observed. Since various levels of sodium influx were observ¬ 
ed in the stomatocytosis groups, abnormal sodium transport per se cannot be the 
single determinant for red cell shape change [7]. 

It has been reported that red cell membrane protein 7.2b consists of three com¬ 
ponents (30, 28 and 26 kDa), covering approximately 3.4% of the total ghost pro¬ 
teins [24]. A deficiency of the 28 kDa integral protein was reported in patients with 
hydrocytosis and cryohydrocytosis. This observation is confirmed only in some, but 
not all, patients with stomatocytosis, mainly hydrocytosis [7]. Thus, it appears that 
the deficiency of protein 7.2b is not specific to hereditary stomatocytosis [25]. 

Stomatocytosis is also observed in individuals with a deficiency of the blood 
group antigen Rh (Rh null) [26] or with cold hemolysis (cryohydrocytosis) [27]. 

Acquired stomatocytosis [28] has been reported in the patients with neoplasms, 
cardiovascular and hepatobiliary disease, alcoholism [29] and therapy with drugs 
(especially vinca-alkaloids [30] such as vinblastine), in which the clinical course 
is transient. 


12.2 

Hereditary Hydrocytosis 

This disorder is characterized by a dominantly inherited hemolytic anemia with in¬ 
creased red cell hydration and macrocytosis [1—6]. The first report was made by 
Lock et al. in 1961 [21], and then Zarkowsky et al. [31] elucidated the presence 
of abnormal cation transport and cellular overhydration in this disorder. 

The identifying feature of this disorder lies in a sodium leak leading to an increase 
in red cell sodium and water content with a mildly decreased potassium content in 
the red cells [1—7]. Concomitant to this increased sodium leak into the red cells, is a 
compensatory increase in the active transport of sodium and potassium by the Na + - 
K + -ATPase pump, through which the low intracellular sodium and high potassium 
content are intended to maintain normality [32]. Although increased glycolysis is 
usually accompanied by these functional abnormalities, the markedly increased so¬ 
dium leak is not compensated for. The exact molecular mechanism of this remark¬ 
ably increased permeability in the patient’s red cells has not been elucidated. 

It has been reported that protein 7.2 in red cells consists of three components 
(30, 28, and 26 kDa), covering approximately 3.4% of the total ghost membrane 
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proteins. A major component (28 kDa) migrated to the basic side as an integral 
protein and to the acidic side as a peripheral protein by two-dimensional nonequi¬ 
librium pH gradient electrophoresis (NEPHGE)/SDS—PAGE. 

In the red cells of some patients with hereditary hydrocytosis, the lack of an in¬ 
tegral protein (protein 7.2b or stomatin) was found [24]. The degree of stomatin 
deficiency varied. In addition, the deficiency was observed in some but not all pa¬ 
tients of hereditary stomatocytosis [7, 33]. In our experience, a partial deficiency of 
protein 7.2 was detected in three out of 44 patients with hereditary stomatocytosis 
including six patients with hereditary hydrocytosis [7]. The extent of protein 7.2 de¬ 
ficiency was essentially unrelated to the extent of sodium influx [7]. In addition, no 
appreciable abnormalities of protein 7.2 were detected in hereditary hydrocytosis 
[7]. Instead, a 30% reduction in a basic side component was observed in a case 
of hereditary xerocytosis rather than hydrocytosis [7]. The relative content (protein 
7/protein 5 ratio) was 12.5 ± 1.1% in six patients with hereditary hydrocytosis, 
compared with 12.3 ± 4.0% in 20 normal individuals [7]. 

The stomatin cDNA from several patients with hereditary stomatocytosis was re¬ 
ported to be normal [34—37]. Mice lacking stomatin demonstrate no hemolytic an¬ 
emia, normal morphology of red cells, normal red cell indices, and normal cation 
content with normal cell hydration [25]. Therefore, the defect in stomatin appears 
not to be the primary defect in hereditary stomatocytosis but might be involved in 
an as yet unelucidated mechanism for a cellular volume regulatory pathway in the 
red cells. 

In clinical hematology, hereditary hydrocytosis exhibits moderate to severe ane¬ 
mia. In our experience in the six patients with hereditary hydrocytosis [7], the levels 
were 3.12 ± 0.85 X 10 12 L 1 in red cell count, 10.9 ± 2.9 g dL 1 in hemoglobin, 
119.6 ± 8.5 fL in MCV (normal: 88.0 ± 5.5), 29.3 ± 1.8% in MCHC (normal: 
34.5 ± 1.5), 16.1 ± 11.7% in reticulocytes, and 13 + 10 mg IT 1 in indirect bilir¬ 
ubin (normal: 3 + 2). Jaundice and splenomegaly are usually observed, and chole¬ 
lithiasis may be complicated. The peripheral blood smear indicates marked stoma¬ 
tocytosis. In our six patients with hereditary hydrocytosis, the extent of stomatocy¬ 
tosis was 54.8 ± 10.7% of the total red cells, including 13.6 ± 6.4% of disco-sto- 
matocytes, 22.9 ± 6.3% of stomatocytes, 13.3 ± 4.5% of stomato-spherocytes, and 
5.0 ± 2.8% of stomatocytic triconcave red cells [7]. Decreased MCHC (29.3 ± 
1.8%) and elevated MCV (119.6 ± 8.5 fL) have been described previously. Red 
cell osmotic fragility is significantly increased. 

Red cell membrane transport was clearly abnormal in our six patients with her¬ 
editary hydrocytosis [7]. Sodium influx was 8.90 ± 3.39 gmol L _1 red cells per hour 
(normal: 1.29 ± 0.14), and sodium efflux was also significantly elevated at 10.16 ± 
3.92 gmol L _1 red cells per hour (normal: 2.40 ± 0.50), in which 3.48 ± 
0.97 gmol L _1 red cells per hour (normal: 1.40 ± 0.70) were the ouabain-sensitive 
sodium efflux, and 6.68 ± 3.59 urnol L 1 red cells per hour (normal: 1.00 ± 0.30) 
were the ouabain-insensitive, respectively. Red cell sodium content was markedly 
elevated (45.4 ± 22.9 mM; normal: 10 ± 3), and red cell potassium was decreased 
significantly (40.4 ± 12.5 mM; normal: 90 ± 5) [7]. The activity of Na + -, K + -ATPase 
in red cells was enhanced at 5.20 ± 2.20 mmol L _1 red cells per hour (normal: 2.52 
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± 0.60). Red cell membrane lipid analysis revealed essentially normal results in 
our six patients with hereditary hydrocytosis [7], that is: 1394 ± 95 pg per 10 10 
red cells (normal: 1202 ± 103) of free cholesterol and 2651 ± 300 ug per 10 10 
red cells (normal: 2604 ± 241) of total phospholipids. The fractions of phospholi¬ 
pids were also basically normal, that is: 27.8 ± 2.3 % of phosphatidylethanolamine 
(normal: 30.9 ± 0.8), 16.2 ± 2.4% of phosphatidylserine and phosphatidyl-inositol 
(normal: 14.1 ± 0.9), 27.7 ± 2.0% of phosphatidylcholine (normal: 28.2 ± 1.0), 

26.0 ± 1.4% of sphingomyelin (normal: 25.4 + 1.2), and 4.3 ± 4.7% oflyso-phos- 
phatidylcholine (normal: 1.5 ± 0.5), respectively. 

Most patients with hereditary hydrocytosis suffer from life long hemolytic ane¬ 
mia, similar to those with hereditary spherocytosis. Although splenectomy is 
usually effective in hereditary hydrocytosis unlike hereditary xerocytosis, some hy¬ 
drocytosis patients may develop serious life-threatening hypercoagulability which 
may result in venous thromboembolism [38]. Treatment of splenectomized patients 
with long-term coumarin administration may be beneficial. Neonates with hydro¬ 
cytosis usually require phototherapy at birth. In some cases, exchange transfusion 
for the treatment of anemia and hyperbilirubinemia may be needed. 


12.3 

Hereditary Xerocytosis 

Hereditary xerocytosis is also known as hereditary dehydrocytosis, or hereditary de- 
siccytosis because the patients’ red cells are definitely dehydrated [1—5, 7, 39]. This 
disorder is an autosomal dominantly inherited hemolytic anemia associated with 
red cell dehydration and decreased osmotic fragility. 

The exact pathogenesis of cell dehydration in this disorder has not been well elu¬ 
cidated, although the red cells demonstrate a net loss of potassium that is not ac¬ 
companied by a proportional gain of sodium. Through this mechanism, the net in¬ 
tracellular cation content and cell water content are reduced. The chromosomal 
locus for hereditary xerocytosis is reported to be around 16q23—qter [40]. 

Hereditary xerocytosis should be critically differentiated from the diseases with 
red cell membrane lipid abnormalities, because these disorders, such as hereditary 
high red cell membrane phosphatidylcholine hemolytic anemia (HPCHA) [22], 
congenital lecithin:cholesterol acyltransferase (LCAT) deficiency [23] and others, 
also demonstrate a dehydrated red cell syndrome due to membrane lipid abnorm¬ 
alities (see Chapter 17). No membrane lipid abnormalities are present in hereditary 
xerocytosis, in which membrane lipids themselves are not pathognomonic. 

The classification of hereditary xerocytosis has not been well established, al¬ 
though several tentative titles have been postulated; cryohydrocytosis, stomatocytic 
xerocytosis, pseudohyperkalemia, and dehydrated stomatocytosis (oxyrocytosis in a 
narrower sense) [2]. Because molecular pathogenesis of this disorder has not been 
elucidated, the total picture is still confusing and unclarified. 

Patients with hereditary xerocytosis usually suffer from uncompensated hemoly¬ 
tic anemia, jaundice, splenomegaly, and gallstones. In our experience with seven in- 
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dependent patients with hereditary xerocytosis [7], red cell count was 3.35+0.61 X 
10 12 IT 1 , hemoglobin 10.6+3.6 g dlT 1 , MCV 91.0+6.2 fL, MCHC 34.7+1.6%, reti¬ 
culocytes 6.0±4.2%, and indirect bilirubin 0.7+0.5 mg dlT 1 . Blood films reveal 
moderate dehydrated stomatocytosis (38.8+12.8%; normal: 4.2+2.7) and a few ty¬ 
pical target cells (1.2+0.3%; normal: 0.2+0.1) [7]. This observation may be impor¬ 
tant to differentiate hereditary xerocytosis with normal membrane lipids from 
HPCHA [22], in which there are many significant dehydrated stomatocytes 
(89.7+8.8%) and markedly increased target cells (28.7+5.6%) due to abnormally 
elevated free cholesterol and phosphatidylcholine in its red cell membranes. 

Red cell membrane lipids in our seven patients with hereditary xerocytosis were 
essentially normal [7], that is, free cholesterol 1221 + 169 gg per 10 10 red cells, and 
total phospholipids 2456+250 gg per 10 10 red cells. Each fraction of phospholipids 
was also within the normal range, that is, phosphatidylethanolamine 
725 ± 80 gg per 10 10 red cells (normal: 806+86) phosphatidylserine and phospha- 
tidylinositol 333 ± 36 gg per 10 10 red cells (normal: 366+38), phosphatidylcholine 
730+58 gg per 10 10 red cells (normal: 733+64), sphingomyelin 639+70 gg per 10 10 
red cells (normal: 663 + 73), and lyso-phosphatidylcholine 29 ± 1 gg per 10 10 red 
cells (normal: 39+1). 

The most critical feature in hereditary xerocytosis is cation transport abnormal¬ 
ities in the red cells [7]. Sodium influx was 2.10+0.82 gmol IT 1 red cells per hour, 
and sodium efflux was 5.45+2.53 gmol IT 1 red cells per hour. Red cell sodium con¬ 
tent was 15.3+6.2 mM, and red cell potassium content was 82.9+7.4 mM. The ac¬ 
tivities of Na + -, K + -ATPase were 6.78+2.30 mmol L 1 red cells per hour. 

Electron microscopic studies with the quick-freeze deep-etching method (see 
Section 3.2.2.2) revealed that apparent skeletal units in this disorder appeared to 
be normal; that is, the number of skeletal units (per gm 2 )was 534+35 in hereditary 
xerocytosis compared with 548+39 in normal subjects. Electron microscopic stud¬ 
ies with the freeze fracture method indicated that the number of intramembrane 
particles (IMPs) appeared to be only slightly reduced in this disorder; that is, the 
number of IMPs (per gm 2 ) was 4352 ± 215 in hereditary xerocytosis, compared 
with 5390 ± 420 in 20 normal individuals. In addition, the size distribution of 
the IMPs in this disorder demonstrated that oligomerization of band 3 molecules 
appeared to be slightly increased because of increased medium-sized IMPs (42 ± 
5 %; normal: 27 ± 3 %) concomitant with decreased normal small-sized IMPs (49 
±6%; normal: 71 + 8%) [41]. 

A new clinical observation has been reported with recurrent fetal loss, hydrops 
fetalis, and familial pseudohyperkalemia (FP) [42—47]. These patients exhibit 
asymptomatic hyperkalemia due to an altered passive leak of potassium through 
the red cell membrane. In several kindred, this has been associated with xerocyto¬ 
sis, hydrops fetalis, and pseudohyperkelemia. The chromosomal localization for 
the FP turned out to be at the same location as xerocytosis [47]. 

Most of patients with hereditary xerocytosis appear not to require any treatment 
when carefully monitored for complications of increased hemolysis. 

However, splenectomy may have to be considered, if the disorder becomes exa¬ 
cerbated [48]. The effects of splenectomy have been variable. Several patients have 
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developed hypercoagulability after splenectomy, and were subjected to life-threaten¬ 
ing episodes of serious thrombo-embolism [38]. It should be noted that all cases of 
thrombosis have occurred after splenectomy. Increased endothelial adherence was 
demonstrated in the patients’ red cells obtained after splenectomy [49]. 

The serious complication of pulmonary hypertension with an embolism was ob¬ 
served in four out of our eight patients with hereditary xerocytosis [41]. Therefore, 
these patients should be monitored under extensive medicare for these complica¬ 
tions. 


12.4 

Rh nuM Disease 

The Rh (D) antigen and the other antigens of the Rh group (cCeE) are part of two 
minor red cell membrane proteins (see Sections 5.3.2 and 15.3.1). Patients who 
lack all Rh antigens (Rh null ) have a moderately severe hemolytic anemia with a 
51 Cr-labeled red cell half-life of from 10 to 14 days, stomatocytosis and occasional 
spherocytosis on the peripheral blood film. The Rh antigens may be significantly 
reduced (Rh mod ) in some patients [26]. 

The Rh antigens exist in from about 20 000 to 30 000 copies per red cell and are 
present on minor transmembrane proteins with an electrophoretic mobility of 
28—33 kDa on SDS—PAGE gels. Rh polypeptides (c, D, and E) are distinct but clo¬ 
sely related. Two closely linked genes exist, that is, one encoding the D polypeptide 
and the other encoding the Cc, Ee proteins [50—59]. The antigenic expression of 
these polypeptides is a consequence of alternate splicing of their pre-mRNA. 
The Rh proteins span the lipid bilayer several times as a membrane domain, 
and the C-terminus and N-terminus are located at outer and inner surfaces, respec¬ 
tively. The Rh proteins form dimers or oligomers, which are linked to the red cell 
membrane skeleton, and are substantially palmitoylated. 

Although the genetic basis of the Rh deficiency syndrome is heterogeneous, at 
least two groups are known. The first one is the amorph type, which is related 
to defects involving the RH 30 locus encoding the RhD and RhE polypeptides. 
The second one is the regulatory type of Rh null and Rh mod phenotypes, which result 
from suppressor or modifier mutations independent of the RH 30 locus. As the 
pathogeneses of Rh nuI1 phenotype, abnormalities of RH 50 have recently been re¬ 
ported, which include deletion, abnormal splicing, and missense mutations of 
the Rh 50 glycoprotein gene, because both the Rh locus and Rh 50 are required 
for the expression and function of Rh null antigens as an oligomeric complex in 
the red cell membranes [50—59]. 

In Rh nua red cells, two proteins (32 and 34 kDa) containing extracellular thiol 
groups are missing. Osmotic fragility is increased in red cells of some Rh null pa¬ 
tients, indicating dehydrated red cells due to decreased cell cation and water con¬ 
tent and increased cell density. Splenectomy appears to be effective in the reported 
cases. A weakened expression of Ss and U antigens has also been described, be¬ 
cause glycophorin B is reduced by 30 % in Rh null red cells. 
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13 

Acanthocytosis and Its Related Disorders 


13.1 

Introduction 

The nomenclature of acanthocytes comes from the Greek acantha, which means 
“thorn”. Acanthocytes are red cells with prominent thorn-like surface protrusions 
that vary in width, length, and surface distribution [1—4] (Fig. 13.1). Acanthocytes 
are also known as spur cells, which should be distinguished from echinocytes and 
keratocytes. Echinocytes (Greek echinos: “urchin”) or burr cells are characterized by 
multiple small projections that are uniformly distributed over the cell surface. Ker¬ 
atocytes (“horn” red cells) have a few massive protrusions. 

Echinocytes are a type of poikilocytic red cells, which are induced by metabolic 
modification of normal discocytes. The factors involved in these modifications are: 
(1) washing red cells with physiological saline, (2) attachment of red cells to the 
glass surface, (3) high alkaline pH, (4) decreased concentration of adenosine tri¬ 
phosphate (ATP) as the energy source for red cells, (5) accumulation of intracellu¬ 
lar calcium in red cells, (6) the metabolic action by amphipathic compounds, and 
many others (see Sections 2.2.6, 2.3.4.1, and 12.1). 

Normal red cells change their cell shape from discocytes through disco-echino- 
cytes, echinocytes, and echino-spherocytes finally to spherocytes by the echinocytic 
pathway (Fig. 2.4). The depletion of ATP facilitates this process from normal dis¬ 
cocytes to spherocytes, but this process is also reversible by restoration of the 
ATP level in red cells [5—7]. 

The following chemical compounds or drugs are known as echinocytogenic, that 
is: oleic acid, dihydroxybenzene, salicylate, 2,4-dinitrophenol, lysolecithin, ethanol, 


Figure 13.1 Scanning 
electron micrographs of 
echinocyte (A) and 
acanthocyte (B). 
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cholic acid, furosemide, barbiturates, tannic acid, depyridamole, lipoidal nitroxide, 
l-anilino-8-naphthalene sulfonate and others. The extent of echinocytic transfor¬ 
mation in vitro varies, that is: 43 % by Ca 2+ (29 mM for 4 h), 36 % by barbiturates 
(83 mM for iy 2 h), 87% by salicylate (25 mM for 1 h), 42% by saponin 
(0.20 mg mlT 1 , for 1 h), and 68% by ethanol (4.8% for 1 h), compared with 
3 % in normal control red cells (for 4 h). 

This echinocytic transformation is observed in several disease states in vivo, such 
as in severe uremia, deficiencies of glycolytic enzymes (especially pyruvate kinase), 
conditions after splenectomy, microangiopathic hemolytic anemia, immature in¬ 
fants, stored blood, and many others. 

Echinocytosis is also observed in association with acanthocytosis in vivo, such as 
severe hepatic dysfunction, P-lipoprotein deficiency, infantile pyknocytosis, anor¬ 
exia nervosa, hypothyroidism, myelodysplastic syndrome, McLeod syndrome, 
rare blood group antigens such as In (Lu), and others [1—3]. 

Echinocytes should critically be differentiated from acanthocytes, because their 
are essential pathogeneses differences between them. When acanthocytes are not 
easily distinguished from echinocytes on a peripheral blood dry smear, the best 
way to achieve this differentiation is to examine the red cell shape on the unstained 
wet film under a light microscope with the dark field apparatus or on preparations 
fixed by 1 % glutaraldehyde under a scanning electron microscope (Fig. 13.1). 

Acanthocytosis was initially described in abetalipoproteinemia, and subsequently 
in severe liver disease (especially, spur cell anemia), the chorea-acanthocytosis syn¬ 
drome, the McLeod blood group phenotype, and other conditions [1—3]. Smaller 
numbers of acanthocytes (less than 10%) may be seen in patients with myelodys¬ 
plastic syndrome, hypothyroidism, anorexia nervosa, and malnutrition [1—3]. The 
molecular mechanisms of the formation of acanthocytes are chiefly attributed to the 
changes in composition of membrane lipids and their altered distribution between 
the outer and inner leaflets of the membrane lipid bilayer (see Sections 2. 2 and 17.6). 


13.2 

Abetalipoproteinemia 

Abetalipoproteinemia was first described by Bassen and Kornzweig in 1950 [8]. 
This disorder with autosomal recessive inheritance is characterized by progressive 
ataxia, celiac disease, retinitis pigmentosa, and acanthocytosis [8, 9] (Fig. 13.2, see 
Section 17.3). The pathogenesis of this disorder lies in the deficiency of the P-lipo- 
proteins in plasma. In this disorder, all lipoproteins that contain apoprotein B are 
missing in the plasma [9]. Therefore, preformed triglycerides are not transported 
from the intestinal mucosa, and plasma triglycerides are virtually absent. Plasma 
cholesterol and phospholipid levels are also significantly reduced, with a relative 
increase of sphingomyelin at the expense of lecithin (Table 17.5). In this mecha¬ 
nism, microsomal transfer protein (MTP) is crucial for catalyzing the transport of 
triglyceride, cholesterol ester, and phospholipid from phospholipid surfaces [9]. 
This MTP is a heterodimer composed of protein disulfide isomerase and a large 
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Figure 13.2 Scanning 
electron micrograph of 
acanthocytosis due to 
congenital deficiency of 
|3-lipoproteins. 


88 kDa subunit, and is located in the lumen of hepatic microsomes and intestinal 
epithelia, the site of lipoprotein synthesis. Thus, this microsomal transfer protein 
is definitely required for secretion of apoprotein B-containing lipoproteins. 

Mutations of genes for apo-BlOO proteins and apo-B48 proteins were initially in¬ 
vestigated, but no mutations were observed [9]. Instead, many mutations have been 
detected on the gene of MTP [10—13]. Thus, the primary molecular defect in this 
disorder is a failure to synthesize or secrete lipoproteins containing products of the 
apoprotein B gene which is normally present. The defect is due to a lack of micro¬ 
somal transfer protein (MTP), which catalyzes the transport of triglyceride, choles¬ 
terol ester, and phospholipid from phospholipid surfaces [9]. 

In this disorder, no morphological abnormalities are observed in erythroid cells 
from erythroblasts to reticulocytes during erythroid maturation in the bone mar¬ 
row [9]. However, acanthocytosis becomes evident as the red cells mature during 
circulation, and worsens with increasing red cell age [9]. It is interesting to note 
that normal red cells, which are incubated in vitro with serum obtained from the 
patients with abetalipoproteinemia, does not produce acanthocytes, although nor¬ 
mal red cells, which are transfused into a patient with abetalipoproteinemia, ac¬ 
quire acanthocytic abnormalities in vivo. 

The degree of increased hemolysis is usually mild and anemia is basically well 
compensated for. Acanthocytosis is prominent (approximately 50—90% of the 
total red cells in peripheral blood) [8]. 

Plasma lipids in this disorder exhibit a striking reduction in the total cholesterol 
(approximately 10% of the normal level), with decreased free cholesterol and ester- 
ified cholesterol (Table 17.5). Total phospholipid content in plasma is also de¬ 
creased to a level of approximately 30% that of the normal content (Table 17.5). 
The composition of subfractions of phospholipids indicates significant reduction 
of phosphatidylcholine concomitant with relatively increased sphingomyelin lead¬ 
ing to a marked decrement in the ratio of phosphatidylcholine/sphingomyelin. In 
this disorder, excess sphingomyelin is preferentially confined to the outer mem¬ 
brane lipid bilayer leaflet, causing an expansion of its surface area that may be 
responsible for the irregularities in cell surface contour. 
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Although the decrement of plasma lipids is extremely marked, the red cell mem¬ 
brane lipids are surprisingly maintained at almost normal, except for an approxi¬ 
mately 20% reduction of the phosphatidylcholine content (Table 17.5). Red cell 
membrane proteins are normal. No splenomegaly is observed. 

Detailed descriptions on abetalipoproteinemia are available in Section 17.3. 

As for other p-lipoprotein deficiencies, familial hypo-P-lipoproteinemia and chy¬ 
lomicron retention disease are also known. Both disorders exhibit acanthocytosis 

[9]- 

Familial hypo-P-lipoproteinemia exhibits an autosomal recessive inheritance. 
Homozygotes of this disorder are similar to those of abetalipoproteinemia (the Bas- 
sen—Kornzweig syndrome) in clinical phenotypes with acanthocytosis, neuromus¬ 
cular symptoms, lipid malabsorption and others. Through molecular genetic ana¬ 
lyses, more than 23 types of truncated forms of the apo B-100 gene have been iden¬ 
tified, such as mutations on apo B-2, B-9, B-25, B-27.6, B-29, B-31, B-32, B-32.5, B- 
37, B-39, B-40, B-46, B-49.6, B-52.8, B-54.8, B-61, B-67, B-74.7, B-82, B-86, B-87, 
B-89, etc. In the mutation on apo B-37, deletions at codon 5391—5394 are detected. 

Chylomicron retention disease is transmitted autosomal recessively. The major 
clinical features are marked retention of lipid droplets in the intestinal epitheli, 
lipid malabsorption syndrome, acanthocytosis, neurological symptoms to a lesser 
extent, and others. Total low-density lipoproteins (LDL) is diminished to 50% of 
the normal level. The biosynthesis appears to be intact because apo B-100 is pres¬ 
ent in LDL, and apo B-48 usually exists in intestinal cells. It has been suggested 
that the pathogenesis exists at the secretion of chylomicron step. A possible ab¬ 
normality of the glycosylated chain of apo-lipoproteins has been proposed. 


13.3 

Chorea-Acanthocytosis 

Acanthocytosis is also observed, even under conditions with normal lipids [1—3]. A 
typical example is chorea-acanthocytosis syndrome [14, 15]. This disorder is trans¬ 
mitted autosomal recessively, and is characterized by acanthocytosis with a normal 
lipid content in the plasma and red cells (normolipoproteinemic acanthocytosis) 
and a progressive neurodegenerative disease, which exhibits (1) progressive orofa¬ 
cial dyskineses with tics, limb chorea, lip and tongue biting, (2) neurogenic muscle 
hypotonia and atrophy, (3) absence or decrease of reflexes, and (4) increased serum 
creatinine phosphokinase. The sites of neurological abnormalities lie on the puta- 
men and the head of the caudate [16]. The chromosomal location of this disorder 
has recently been identified at the 6-cM region of 9q21 [17, 18]. 

Hematologically, anemia is not present, or if it may exist, it is mild. Apparent red 
cell survival is only slightly shortened. The acanthocytosis may be developed prior 
to the onset of neurological symptoms. The mechanism of acanthocytosis is un¬ 
known in this chorea-acanthocytosis. Plasma and red cell membrane lipids are es¬ 
sentially normal. Increased proteolysis of ankyrin, band 3, and protein 4.2 and in¬ 
creased membrane protein phosphorylation (especially on band 3) have been re- 
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ported. The missense mutation (Pro868Leu) has also been detected on the band 3 
gene and has been identified in one unusual kindred with this disorder [19]. 

Types of congenital neuroacanthocytosis other than chorea-acanthocytosis are 
also known, such as: (1) one that is recessively inherited with acanthocytosis, 
tics, Parkinsonism, and occasional motor neuron disease; (2) a mitochondrial myo¬ 
pathy with acanthocytosis, encephalopathy, lactic acidosis, and stroke-like symp¬ 
toms, (3) Hallervorden—Spatz disease with acanthocytosis, progressive dementia, 
dystonia, spasticity, and pallidal and retinal degeneration; and (4) HARP syndrome, 
that is hypoprebetalipoproteinemia, acanthocytosis, retinitis pigmentosa, and palli¬ 
dal degeneration with iron deposition. 


13.4 

McLeod Syndrome 

The McLeod syndrome is an X-linked anomaly of the Kell system as one of the 
human blood group antigens [20—22] (see Sections 5.3.5 and 15.3.2). This disorder 
is characterized by a mild compensated hemolytic anemia, acanthocytosis to a 
varying degree, and late-onset myopathy or chorea. The Kell system is composed 
of two protein components, that is: (1) a 37 lcDa protein carrying the Kx antigen, 
which is a precursor molecule necessary for the Kell antigen expression, and (2) a 
93 kDa protein carrying the Kell blood group antigen [22]. 

Patients with the McLeod syndrome exhibit no detectable Kx antigen in their red 
cells, and a marked deficiency of the 93 kDa protein carrying the Kell antigen [22]. 
Mutations of the XK gene have been identified in patients with this McLeod syn¬ 
drome [23—25]. The XK gene encodes a 444 amino acid integral membrane trans¬ 
porter [22]. Male hemizygotes lacking the Kx antigen demonstrate 8—85 % of 
acanthocytes in their peripheral red cells with mild compensated hemolysis. 

It is interesting to note that the red cells of the patients with a total deficiency of 
the Kell antigen (the Kell null: K0 red cells) show normal discocytes rather than 
acanthocytosis. Therefore, the McLeod syndrome should be critically distinguish¬ 
able from Kell null (K0) red cells [22], in which only the 93 kDa glycoprotein carry¬ 
ing the Kell antigen is missing. These K0 red cells have twice the amount of the Kx 
antigen, which is carried in a 37 kDa protein [26]. 

It is known that McLeod syndrome has been reported in association with chronic 
granulomatous disease (CGD) in childhood, retinitis pigmentosa, and muscular 
dystrophy of a Duchenne type [27]. These combined phenotypes may come from 
contiguous gene syndromes, in which the gene loci of these two disorders are lo¬ 
cated on Xp21 sufficiently close to each other. Some patients with McLeod syn¬ 
drome may develop myopathy and late-onset neurological manifestations, such 
as areflexia, progressive dystonia and choreiform movements. 

Amongst the many blood group antigens, other than the Kell blood group anti¬ 
gen, patients with the In (Lu) Lu (a—b—) phenotype may develop acanthocytes and 
poikilocytes [22, 28], although anemia has not been reported. In (Lu) is a domi¬ 
nantly acting inhibitor, and suppresses expression of Lu a and Lu b , which are two 
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major antigens of the Lutheran blood group system (see Section 5.3.4). Their ab¬ 
normal red cells of the In ( Lu ) Lu (a—b—) phenotype become osmotically resistant 
and lose potassium during the incubation stage of the osmotic fragility test [29]. 


13.5 

Spur Cells and target Cells 

Spur cells, or acanthocytes, are present in the blood films of patients with severe 
hepatic dysfunction [1—3] (see Sections 2.2.6 and 17.6). Abnormal red cell mem¬ 
brane lipid composition and altered lipid distribution between the inner and 
outer leaflets of the membrane lipid bilayer characterize this clinical phenotype. 

The most serious form of hepatic dysfunction is spur cell anemia [30] (Fig. 13.3). 
As the prevalence of liver disease is so high these subjects account for the majority 
of patients with acanthocytosis observed in routine clinical medicine, although only 
a small number of patients at the final stage of hepatic dysfunction develop this 
serious spur cell anemia. 



Figure 13.3 Scanning elec¬ 
tron micrographs of spur 
cells (A) and target cells (B). 
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The formation of a spur cell in vivo is initiated by the accumulation of nonester- 
ified free cholesterol in the patient’s red cell membrane and remodeling of the red 
cells with abnormal morphology by the spleen [31, 32]. The acquistion of free cho¬ 
lesterol from plasma into the patient’s red cells is enhanced by abnormally high 
cholesterol/lipoprotein ratios [31]. Through this mechanism, free cholesterol is 
readily incorporated into the red cell membrane and is preferentially distributed 
in the outer leaflet of the membrane lipid bilayer. Increased free cholesterol is 
known as a potent hardening factor for membrane lipid fluidity, and makes the 
red cell membrane less fluid. The spleen tends to remodel the membrane leading 
to rigid, spherical red cells with the spiculated projections characteristic of spur 
cells [32]. These red cells with decreased deformability appear to be trapped in 
the narrow sinusoids of the splenic circulation and are auto-hemolyzed. 

Clinically, spur cell anemia is characterized by a rapidly progressive hemolytic 
anemia with acanthocytosis in peripheral blood [30]. Splenomegaly and jaundice 
are striking in association with extensive ascites, bleeding diatheses due to coagu¬ 
lopathy and thrombocytopenia, and hepatic encephalopathy. The incidence of spur 
cell anemia is high in patients with alcoholic liver disease, but also with advanced 
metastatic liver malignancies, hepatic cirrhosis, Wilson disease, fulminant hepati¬ 
tis, and other disease conditions. The patients exhibit moderate to severe anemia 
with a hematocrit of 20—30%, a marked elevation of the indirect bilirubin level, 
and always the presence of severe hepatic dysfunction. The presence of spur cell 
anemia is a serious indicator of the terminal stages of severe liver disease. Prog¬ 
nosis for the patients at this stage with spur cell anemia is serious, probably 
only a few weeks of life. 


258 


References 


References 


1 Gallagher, P. G. (2001) Acanthocytosis, 
stomatocytosis, and related disorders, 
in: Hematology (Beutler, E., Coller, 

B.S., Lichtman, M.A., Kipps, T. J., Se- 
ligsohn, U., eds.), 6th ed. McGraw- 
Hill, New York, pp. 519—526. 

2 Gallagher, P. G., Jarolim, P. (2000) 
Red cell membrane disorders, in: He¬ 
matology, Basic Principles and Practice 
(Hoffman, R., Benz, E. J. Jr., Shattil, 
S.J., Furie, B., Cohen, H.J., Silber- 
stein, L. E., McGlave, P., eds.), 
Churchill Livingstone, New York, pp. 
576—610. 

3 Gallagher, P.G., Forget, B.G., Lux, 

S. E. (1998) Disorders of the erythro¬ 
cyte membrane, in: Hematology of In¬ 
fancy and Childhood (Nathan, D., 
Oskin, S. H., eds.), W B. Saunders, 
Philadelphia, pp. 544—664. 

4 Yawata, Y. (1996) Atlas of Blood Dis¬ 
eases: Cytology and Histology. Martin 
Dunitz Ltd., London, pp. 1—210. 

5 Weed, R. I., La Celle, P. L., Merrill, 
E.W. (1969) Metabolic dependence of 
red cell deformability. J. Clin. Invest. 
48: 795-809. 

6 Nakao, M., Nakao, T., Yamazoe, S. 
(i960) Adenosine-triphosphate and 
maintenance of shape of the human 
red cells. Nature 187: 945—946. 

7 Bessis, M., Lessin, L. S. (1970) The 
discocyte-echinocyte equilibrium of the 
normal and pathologic red cells. Blood 

36:399-403- 

8 Bassen, F.A., Kornzweig, A. L. (1950) 
Malformation of the erythrocytes in a 
case of atypical retinitis pigmentosa. 
Blood 5: 381—387. 


9 Kane, J. P., Havel, R. J. (2001) Disor¬ 
ders of the biogenesis and secretion of 
lipoproteins containing the B apolipo- 
proteins, in: The Metabolic and Molec¬ 
ular Bases of Inherited Disease (Scriver, 

C. R., Beaudet, A. L., Sly, W. S., Valle, 

D. , eds.), 8th ed. McGraw-Hill, New 
York, pp. 2717—2752. 

10 Sharp, D., Blinderman, L., Combs, 

K. A., Kienzle, B., Ricci, B., Wager- 
Smith, K., Gil, C. M., Turck, C.W., 
Bouma, M. E., Rader, D. J., Aggerbeck, 

L. P., Gregg, R. E., Gordon, D.A., Wet- 
terau, J. R. (1993) Cloning and gene 
defects in microsomal triglyceride 
transfer protein associated with abeta- 
lipoproteinaemia. Nature 365: 65—69. 

11 Narcisi, T. M.E., Shoulders, C. C., 
Chester, S.A., Read, J., Brett, D. J., 
Harrison, G. B., Grantham, T. T., Fox, 

M. F., Povey, S., de Bruin, T.W. A., 
Willem Erkelens, D., Muller, D. P. R., 
Lloyd, J. K., Scott, J. (1995) Mutations 
of the microsomal triglyceride-transfer- 
protein gene in abetalipoproteinemia. 
Am. J. Hum. Genet. 57: 1298—1310. 

12 Rehberg, E. F., Samson-Bouma, M.E., 
Kienzle, B., Blinderman, L., Jamil, H., 
Wetterau, J. R., Aggerbeck, L. P., Gor¬ 
don, D. A. (1996) A novel abetalipo¬ 
proteinemia genotype. Identification of 
a missense mutation in the 97-kDa 
subunit of the microsomal triglyceride 
transfer protein that prevents complex 
formation with protein disulfide iso- 
merase. J. Biol. Chem. 271: 
29945-29952. 

13 Ricci, B., Sharp, D., O’Rourke, E., 
Kienzle, B., Blinderman, L., Gordon, 


D. , Smith-Monroy, C., Robinson, G., 
Gregg, R. E., Rader, D.J., Wetterau, 

J. R. (1995) A 30-amino acid truncation 
of the microsomal triglyceride transfer 
protein large subunit disrupts its in¬ 
teraction with protein disulfide-iso- 
merase and causes abetalipoproteine- 
mia. J. Biol. Chem. 270: 14281—14285. 

14 Gross, K. B., Skrivanek, J.A., Carlson, 

K. C., Kaufman, D.M. (1985) Familial 
amyotrophic chorea with acathocytosis. 
New clinical and laboratory investiga¬ 
tions. Arch. Neurol. 42: 753—756. 

15 Bohlega, S., Riley, W., Powe, J., Bayn- 
ton, R., Roberts, G. (1998) Neuroa- 
canthocytosis and aprebetalipoprotei- 
nemia. Neurology 50: 1912—1914. 

16 Hardie, R. J., Pullon, H.W., Harding, 
A. E., Owen, J. S., Pires, M., Daniels, 

G. L., Imai, Y., Misra, V. P., King, R. H., 
Jacobs, J. M., Tippett, P., Duchen, L. W., 
Thomas, P. K., Marsden, C. D. (1991) 
Neuroacanthocytosis. A clinical, hae- 
matological and pathological study of 
19 cases. Brain 114: 13—49. 

17 Rubio, J. P., Danek, A., Stone, C., 
Chalmers, R., Wood, N., Verellen, C., 
Ferrer, X., Malandrini, A., Fabrizi, 

G. M., Manfredi, M., Vance, J., Pericak- 
Vance, M., Brown, R., Rudolf, G., Pi¬ 
card, F., Alonso, E., Brin, M., Nemeth, 
A. H., Farall, M., Monaco, A. P. (1997) 
Chorea-acanthocytosis: Genetic linkage 
to chromosome 9q2i. Am. J. Hum. 
Genet. 61: 899—908. 

IS Stevenson, V. L., Hardie, R. J. (2001) 
Acanthocytosis and neurological 
disorders. J. Neurol. 248: 87—94. 

19 Bruce, L. J., Kay, M.M., Lawrence, C., 
Tanner, M. J. (1993) Band 3 HT, a 
human red-cell variant associated with 
acanthocytosis and increased anion 
transport, carries the mutation Pro- 
868—»Leu in the membrane domain of 
band 3. Biochem. J. 293: 317—320. 

20 Wimer, B.M., Marsh, W. L., Taswell, 

H. F., Galey, W. R. (1977) Haematolo- 
gical changes associated with the 
McLeod phenotype of the Kell blood 
group system. Br. J. Haematol. 36: 
219—224. 

21 Balias, S. K., Bator, S.M., Aubuchon, 
J.P., Marsh, WL, Sharp, D.E., Toy, 

E. M. (1990) Abnormal membrane 


13 Acanthocytosis and Its Related Disorders | 259 

physical properties of red cells in 
McLeod syndrome. Transfusion 30: 

722-727. 

22 Lowe, J. B. (2001) Red cell membrane 
antigens, in: Molecular Basis of Blood 
Disease, (Stomatoyannopoulos, G., Ma- 
jerus, P. W, Perlmutter, R. M., Varmus, 

H., eds.), 3rd ed. McGraw-Hill, New 
York, pp. 314—361. 

23 Ho, M., Chelly, J., Carter, N., Danek, 

A., Crocker, P., Monaco, A. P. (1994) 
Isolation of the gene for McLeod syn¬ 
drome that encodes a novel membrane 
transport protein. Cell 77: 869—880. 

24 Danek, A., Rubio, J. P., Rampoldi, L., 

Ho, M., Dobson-Stone, C., Tison, F., 
Symmans, W. A., Oechster, M., Kalck- 
reuth, W., Watt, J. M., Corbett, A. J., 
Hamdalla, H.H., Marshall, A. G., 

Sutton, I., Dotti, M.T., Malandrini, A., 
Walker, R. H., Daniels, G., Monaco, 

A. P. (2001) McLeod neuroacantho¬ 
cytosis: Genotype and phenotype. Ann. 
Neurol. 50: 755—764. 

25 Shizuka, M., Watanabe, M., Aoki, M., 

Ikeda, Y., Mizushima, K., Okamoto, K., 
Itoyama, Y., Abe, K., Shoji, M. (1997) 
Analysis of the McLeod syndrome gene 
in three patients with neuroacantho¬ 
cytosis. J. Neurol. Sci. 150: 133—135. 

26 Lee, S., Russo, D., Redman, C. M. 

(2000) The Kell blood group system: 

Kell and XK membrane proteins. 

Semin. Hematol. 37: 113—121. 

27 Francke, U., Ochs, H. D., de Martin- 
ville, B., Gjacalone, J., Lindgeren, V, 
Disteche, C., Pagon, R.A., Hofker, 

M. H., van Ommen, G. J., Pearson, 

P. L., Wedgwood, R. J. (1985) Minor 
Xp2i chromosome deletion in a male 
associated with expression of Duch- 
enne muscular dystrophy, chronic 
granulomatous disease, retinitis pig¬ 
mentosa, and McLeod syndrome. Am. 

]. Hum. Genet. 37: 250—267. 

28 Udden, M.M., Umeda, M., Hirano, Y., 
Marcus, D. M. (1987) New abnormal¬ 
ities in the morphology, cell surface 
receptors, and electrolyte metabolism 
of In (Lu) erythrocytes. Blood 69: 

52 - 57 - 

29 Balias, S. K., Marcolina, M.J., Craw¬ 
ford, M.N. (1992) In vitro storage and 
in vivo survival studies of red cells 


260 


References 


from persons with the In (Lu) gene. 
Transfusion 32: 607—611. 

30 Cooper, R. A. (1980) Hemolytic syn¬ 
dromes and red cell membrane ab¬ 
normalities in liver disease. Semin. 
Hematol. 17: 103—112. 

31 Cooper, R. A., Diloy Puray, M., Lando, 
P., Greenverg, M. S. (1972) An analysis 
of lipoproteins, bile acids, and red cell 


membranes associated with target cells 
and spur cells in patients with liver 
disease. J. Clin. Invest. 51: 3182—3192. 

32 Cooper, R.A., Kimball, D.B., Duro- 
cher, J. R. (1974) Role of the spleen in 
membrane conditioning and hemoly¬ 
sis of spur cells in liver disease. N. 
Engl. J. Med. 290: 1279—1284. 


14 

Abnormalities of Skeletal Proteins 


14.1 

a-Spectrin 

14.1.1 

Introduction 

Red cell spectrin (al (31 El spectrin) is the principal red cell skeletal protein [1—5], 
and contains two large polypeptide chains that are structurally similar but func¬ 
tionally distinct, that is, a-spectrin (280 kDa) and (3-spectrin (246 kDa) (see Sections 
2.3, 3.2.2, 4.1, 10.4 and 11.3). The molecular weight by sodium dodecylsulfate poly¬ 
acrylamide gel electrophoresis (SDS—PAGE) is 240 kDa in a-spectrin and 220 kDa 
in P-spectrin. The two chains are aligned side by side in an antiparallel arrange¬ 
ment with respect to their N- and C-terminal ends. Each spectrin chain is com¬ 
posed of a series of 106 amino acid repeats connected end to end. The primary se¬ 
quence of each repeat shows extensive symmetry with conserved hydrophobic re¬ 
sidues which are located in the first and fourth positions of each seven residue 
motif. Each segment folds into three helices (helix A, B, and C; or helix 1, 2, 
and 3) connected by short nonhelical portions. The helices fold back against 
each other to form triple helical bundles, which are stabilized by interaction of hy¬ 
drophobic side chains of conserved residues in each helix. Helices in adjacent re¬ 
peat segments also interact with each other. 

a-Spectrin (see Sections 4.1.1—4.1.3) starts with an isolated, unpaired C helix fol¬ 
lowed by nine characteristic spectrin repeats (No. 1—9), a tenth repeat of an src 
homology (SH3) domain (No. 10), and a further 12 more spectrin repeats (Nos. 
11—22). The tenth segment of the SH3 domain appears to be an attachment site 
for a family of tyrosine kinase binding proteins. The C-terminal region of a-spec¬ 
trin contains two EF hands, which is a characteristic for the regulation of calcium 
action in other proteins such as a-actinin and fordrin which is an all (311 spectrin. 

|3-Spectrin (see Sections 4.1.1—4.1.3) is composed of 17 conformational repeats 
(Nos. 1—17). The fifteenth and the proximal section of the sixteenth repeats are mod¬ 
ified and are the binding site for ankyrin. The N-terminal region of 272 residues 
contains the binding sites for actin and protein 4.1. This part is homologous to 
other actin-binding proteins (a-actinin, dystrophin, adducin, etc.). The C-terminal 
region of red cell P-spectrin is composed of a 52 amino acid extension with four 


Cell Membrane: The Red Blood Cell as a Model. Yoshihito Yawata 
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN 3-527-30463-0 


262 | 14.1 a-Spectr'm 

phosphorylation sites (3P-Ser, and lP-Thr) for a membrane-associated casein kinase 
I. Membrane mechanical stability can be decreased by increased phosphorylation. 

Tryptic digestion of the spectrin peptides exhibits a series of proteolytically resis¬ 
tant domains joined by protease sensitive regions. Nine such domains are known, 
that is, five on the a-spectrin (al through aV), and four on the p-spectrin (pi 
through pIV). These spectrin domain maps, after proteolytic digestion by trypsin, 
are of critical importance and are useful for identification of molecular abnormal¬ 
ities of a- and P-spectrins in hereditary elliptocytosis (see Section 11.3.2). 

From the viewpoint of spectrin functions, spectrin oligomerization is also crucial 
(Fig. 4.3, see Section 4.1.3). The a- and p-spectrins assemble to form a heterodimer 
through a side-to-side interaction. The formation of a pair of these two spectrins 
occurs in a zipper-like fashion, which starts with a defined nucleation site com¬ 
posed of four repeats from each spectrin chain at the end opposite the self-associa¬ 
tion site, repeats al9 to all, and pi to P4. Two of the four a repeats and one of the 
four p repeats have an eight residue insertion in the 106 amino acid repeat unit. An 
a-spectrin allele, a LELY , which is a Low Expression allele LYon, produces a chains 
that lack one of the nucleation sites and do not form stable heterodimers [6] (see 
Sections 11.3.3 and 11.4). This allele is clinically important. 

Human beings have at least five spectrin genes, four of which are related to the 
plasma membrane (see Section 4.1.4). (1) al Spectrin is only detected in mature red 
cells. The al spectrin gene (SPTA) is located on chromosome lq22—q23 near the 
Duffy blood group. (2) all Spectrin is found in almost all cells except for mature red 
cells. The all spectrin gene (SPTAN 1 ) is located on chromosome 9q34.1. (3) pi 
Spectrin is present in red cells (the SI isoform), muscle and brain (the S2 isoform). 
The chromosomal location of the pi spectrin gene ( SPTB) is on 14q23—q24.2. (4) pil 
spectrin is widely distributed, as is the all spectrin. The pil spectrin gene (SPTBN 1) 
is on chromosome 2p21. (5) pill spectrin is found on membranes of Golgi apparatus 
and intracellular vesicles, but not on plasma membranes. The pill spectrin gene 
(SPTBN 2) is on chromosome llql3. Thus, spectrin in mature red cells (spectrin R ) 
contains the al and pi SI chains. Muscle spectrin is aIIpIS2. Most other tissues are 
composed of alipil, which in other nomenclature systems is known as fodrin, tissue 
spectrin, brain spectrin, or spectrin G . 

During erythroid development and maturation (see Chapter 7), it is now known 
that red cell membrane proteins are expressed sequentially. Spectrin is first synthe¬ 
sized very early probably in immature erythroid-committed stem cells such as col¬ 
ony forming units-erythroid (CFU-E), and burst forming units-erythroid (BFU-E), 
and is abundant in proerythroblasts. Glycophorins and band 3 follow after the 
spectrins have been expressed. Ankyrin and protein 4.1 appear at the middle 
stage of erythroid differentiation, and protein 4.2 is finally expressed at the very 
late stage of erythroid maturation, around polychromatic and orthochromatic ery- 
throblasts. During this process, a-spectrin is expressed before P-spectrin is ex¬ 
pressed. In addition, a-spectrin is synthesized in at least a three-fold excess relative 
to P-spectrin, and is degraded by a different slower pathway. In contrast, P-spectrin 
exhibits a limited synthesis and more rapid degradation. Thus, P-spectrin is defi¬ 
nitely rate-limiting in the spectrin assembly. This difference in the rate of produc- 
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tion of a- and p-spectrin is critical to the understanding of the molecular pathogen¬ 
esis of red cell membrane disorders as regards the abnormalities of spectrins (see 
Chapter 11). The best example is that a-spectrin anomalies are not observed in 
autosomal dominantly inherited hereditary spherocytosis, in spite of the fact that 
a substantial number of P-spectrin abnormalities are reported in this disorder, 
probably because defective a-spectrin synthesis in one allele is not expected to 
cause a disease state, and also P-spectrin synthesis is rate-limiting. 

14.1.2 

a-Spectrin Abnormalities 

In most cases of hereditary elliptocytosis and hereditary pyropoikilocytosis (see Sec¬ 
tions 11.3 and 11.4), there is a defect in the oligomerization of spectrin. The ability 
of spectrin to form oligomers can be determined by utilizing spectrin which is ex¬ 
tracted from the membrane at 0 °C (see Sections 4.1.2 and 4.1.3). At this low tem¬ 
perature, the formation and dissociation of spectrin tetramers and oligomers are 
greatly reduced. Under these conditions, the proportion of each spectrin species 
(dimers, tetramers, and oligomers) indicates its relative proportion on the mem¬ 
brane in situ. Approximately 30% of patients with hereditary elliptocytosis and 
all patients with hereditary pyropoikilocytosis in Western countries have a defect 
in their ability to assemble spectrin dimers into tetramers and higher-order oligo¬ 
mers. This observation indicates that the underlying defects of these patients may 
lie in the spectrin heterodimer self-association site. In fact, many structural ab¬ 
normalities in either a- or P-spectrin have been found in this region by analysis 
of isolated spectrin peptides from these patients with hereditary elliptocytosis. 

Spectrin peptide structural analyses (see Sections 4.1.2 and 4.1.3) can be per¬ 
formed by two-dimensional isoelectric focusing— SDS—polyacrylamide gel electro¬ 
phoresis, after spectrin from these patients has been partially digested by trypsin at 
0 °C. With this procedure, five trypsin-resistant domains of the a-spectrin (al—aV), 
and four domains of the P-spectrin (pi—PIV) can be identified. In patients with her¬ 
editary elliptocytosis (see Section 11.3.2), abnormal peptide fragments appear at 
various positions when compared with the normal due to the generation of new, 
abnormal tryptic cleavage sites in the mutant spectrin chains, such as a mutated 
a I/74 instead of normal a I/80 . Many mutations of spectrins, especially of a-spectrin, 
have now been identified in patients with hereditary elliptocytosis by the proce¬ 
dures described above. The majority of the a-spectrin variants are characterized 
by a decrease or absence of the normal 80 kDa al domain with the appearance 
of a smaller proteolytic fragment from the mutated a-spectrin. Thus, most of the 
a-spectrin mutations lie in the al domain at the N-terminal region that forms 
part of the spectrin self-association site (Fig. 14.1). The naming of these mutations 
is based on the nomenclature by Antonarakis [7]. In most of these mutations of a- 
spectrin, the mutations alter the two-dimensional tryptic maps and lie close to the 
site of the abnormal tryptic cleavage site. Most of them are located in helix C (or 
helix 3) of the spectrin repeats and appear to disrupt the triple helical structure 
of the repeats. 
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The reported cases (Table 11.1) (see Section 11.3.3) are: (1) a-spectrin Lograno 
(I 24S), (2) a-spectrin Corbeil (R28H), (3) anonymous (R28C), (4) anonymous 
(R28L), (5) anonymous (R28S), (6) a-spectrin Marseille (V31A), (7) a-spectrin Gen¬ 
ova (R34W), (8) a-spectrin Tunis (R41W), (9) a-spectrin Clichy (R45S), (10) a-spec¬ 
trin Anastasia (R45T), (11) a-spectrin Culoz (G46V), (12) anonymous (K48R), (13) 
a-spectrin Lyon (L49F), (14) a-spectrin Ponte de Sor (G151D), (15) anonymous 
(L154—155 insertion at codon 154), (16) a-spectrin Dayton (E178—E226 deletion 
at codon 178), (17) a-spectrin Saint Louis (L207P), (18) a-spectrin Nigerian 
(L260P), (19) anonymous (S261P), (20) a-spectrin Sfax (1086 A—»G at codon 
363), (21) a-spectrin Alexandria (H469 deletion at codon 469), (22) a-spectrin Bar¬ 
celona (H469P), (23) anonymous (Q471P), (24) a-spectrin Jendouba (D791E), (25) 
a-spectrin Oran (2465—1G—»A at codon 822), and (26) a-spectrin St. Claude 
(2806—13T—»G at codon 936) (Table 11.1). 

In these above mentioned mutations (see Section 11.3.3), the a I/74 defect is het¬ 
erogeneous and is caused by mutations in codons 24, 28, 31, 34, 46, 48 or 49. There 
are four mutations found at codon 28, which contains a CpG dinucleotide, suggest¬ 
ing that this codon appears to be a hot spot of gene mutations. Regarding the clin¬ 
ical severity, the mutations in codons 41, 46 or 49 are associated with milder forms, 
whereas those in codon 45 or 48 are associated with severe phenotype such as her¬ 
editary pyropoikilocytosis. The a I/S5 defect exhibits the duplication of a leucine re¬ 
sidue in codon 154 although the phenotype is mild, the same as the mutation in 
codon 151. The a I/5 ° defect is associated with substitution of a proline which is 
known to disrupt a helix formation, a 49 residue deletion in codons 178 to 226 
(a-spectrin Dayton), or a single residue deletion in codon 469 (a-spectrin Alexan¬ 
dria). The a I/36 mutation is due to deletion of codons 363 to 371 due to activation 
of a cryptic splice site (spectrin Sfax). The a I1/31 mutation is caused by a point mu¬ 
tation (D791E), and the a II/21 defect is due to skipping of exon 18 by a deletion of 
codons 822 to 862, from a mutation in the acceptor splice site for exon 18 (spectrin 
Oran). In a-spectrin St. Claude, a splice site mutation causes premature termina¬ 
tion of the a-spectrin, abolishing the spectrin dimer nucleation site. The mutated 
a-spectrin molecules appear to lack the spectrin dimer nucleation site located near 
the C-terminus and not to be incorporated into the membrane skeleton. The homo¬ 
zygous proband with spectrin St. Claude demonstrates severe hemolytic anemia, in 
contrast to its heterozygotes which are asymptomatic with normal red cell mor¬ 
phology, probably because a-spectrin synthesis is normally approximately three¬ 
fold greater than P-spectrin, and enough a-spectrin is produced by the single nor¬ 
mal a-spectrin allele to bind all of the P-spectrin and form a complete membrane 
skeleton (see Chapter 7). 

It is extremely interesting to note that only very few truncated a-spectrins are re¬ 
ported in patients with hereditary elliptocytosis. Most of gene mutations of a-spec¬ 
trin are missense mutations which are clustered at the N-terminal region of the a- 
spectrin molecule, whereas most of the P-spectrin mutations are abnormal skip¬ 
pings of exons, frameshift mutations, or nonsense mutations, which are more 
strictly limited to the C-terminal region of the P-spectrin molecule. 
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Generally speaking, in a-spectrin mutations, the abnormal cleavage sites that 
produce the mutated peptides are not the primary defects but are due to conforma¬ 
tional changes of the spectrin chains associated with these defects. 

Among these abnormalities of a-spectrin, there is an inverse relationship be¬ 
tween the distance of the defect from the spectrin dimer self-association site, 
(such as the N-terminal region of a-spectrin) and its associated clinical severity. 
The closer to the self-association site, the greater the functional defect, and the 
more severe the clinical phenotype. The best example is the a 1/74 defects, which 
are present right at the spectrin dimer self-association site, exhibit the most severe 
clinical phenotype such as life-threatening hemolysis in homozygotes, and a 
greater proportion of spectrin dimers (15—40%) even in heterozygotes. Instead, 
in the a 1/65 defects, which are located much further away from the self-association 
site of the N-terminus of a-spectrin, milder hemolysis and a lesser defect in spec¬ 
trin self-association are observed. Furthermore, in the a 1I/21 defect, which is located 
at a distance a long way from the self-association site, the disease is very mild even 
in the homozygote. 

It is known that there are some patients with severe hemolytic anemia, who are 
diagnosed as having a typical common type of hereditary elliptocytosis. These pa¬ 
tients carry the a-spectrin mutation on their one allele. The extent of the hemolysis 
should usually be mild, appearing as common hereditary elliptocytosis. However, 
the clinical phenotype in these patients is severe, disproportionately more than 
what could be expected. Thus, these patients inherit a second, low-expression al¬ 
lele, which is silent in carriers but contributes to the severity of the disease 
when present in trans to a structurally mutated allele. This idea, proposed by De¬ 
launay et al. in Lyon, was proven by the discovering of the fact that a common poly¬ 
morphism (a v/41 ) is associated with the reduced incorporation of a-spectrin into the 
membrane skeleton. The low expression allele of a-spectrin is known as a LELY (Low 
Expression LYon) [6], after the peptide that is reduced in quantity [6] (see Section 
11.3.3). 

The a LELY allele is linked to two abnormalities, that is, (1) a missesnse mutation 
(L1867V in exon 40) causing an abnormal tryptic cleavage after the amino acid at 
codon 1920 at the a IV ~ v junction, resulting in the variant peptide (a v/41 ), and (2) a 
C—>T substitution in an acceptor splice site 12 nucleotides before the splice junc¬ 
tion that leads to 50% in-frame skipping of exon 46. This exon is 18 base pairs 
long, and lies within the nucleation site for a-spectrin to (3-spectrin association, al¬ 
though this exon is too small to be detected by SDS—polyacrylamide gel electro¬ 
phoresis. As the nucleation site of a-spectrin is interfered with, the a-spectrin 
lacks a LELY in exon 46 and fails to bind to (3-spectrin or to be assembled into the 
membrane skeleton, or else they are destroyed. The remaining a-spectrin, which 
contain the exon 46, exhibits a normal function. 

The a LELY allele per se is completely silent, even when homozygous, because the 
extent of a-spectrin synthesis is in a three-fold higher excess than is required, and 
the a LELY splicing mutation causes only partial skipping of exon 46. However, when 
the a LELY allele occurs in trans to a second allele which carries a structurally abnor¬ 
mal a-spectrin pathognomonic for hereditary elliptocytosis, then the mutant a- 
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spectrin with the structural defect will be preferentially incorporated into the mem¬ 
brane. This definitely aggravates the clinical severity of hereditary elliptocytosis. 
When a mutation of hereditary elliptocytosis is present in cis on a chromosome car¬ 
ring the a LELY mutation, an essentially mild defect can be converted into an asymp¬ 
tomatic one or a severe one into a mild clinical phenotype. In contrast, when a se¬ 
riously mutated allele of hereditary elliptocytosis is present in trans to the a™ al¬ 
lele, the clinical phenotype results in a much more severe type, such as severe her¬ 
editary elliptocytosis, or hereditary pyropoikilocytosis. 

The incidence of the a LELY allele is 31 % in Caucasian and 20 % in Japanese popula¬ 
tions (see Section 11.3.3). This polymorphism also prevails widely at a very high fre¬ 
quency in other ethnic groups, such as Africans, Taiwanese, and Amazon Indians. 

The variability of clinical phenotypes of hereditary elliptocytosis, which is often en¬ 
countered in medical practice, can be accounted for fairly well, even if not totally. 

Contrary to an enormous contribution to the pathogenesis for hereditary ellipto¬ 
cytosis including hereditary pyropoikilocytosis, a-spectrin abnormalities in one al¬ 
lele do not play an important role in pathogenesis for hereditary spherocytosis (see 
Chapter 10), probably because a-spectrin is normally synthesized in an approxi¬ 
mately three-fold excess (see Chapter 7), and most of autosomal dominantly inher¬ 
ited hereditary spherocytosis are heterozygotes, in which only one allele could have 
mutated. 

In some patients, however, a life-threatening form of non-dominantly inherited 
hereditary spherocytosis is reported in association with marked spectrin deficiency, 
in which the spectrin content is approximately 25—50% of the normal level (see 
Section 10.4.4). In such families, variants of a-spectrin are detected as alia or a- 
spectrin Bughill. The mutated a-spectrin exhibits a substitution of A970D of the 
a-spectrin gene. In these patients, only the alia variant is detected by peptide anal¬ 
ysis of the a-spectrin, although both an allele with the alla/a-spectrin Bughill 
mutation and the other allele without this mutation are observed at the genomic 
DNA level. This result indicates that the second a-spectrin allele in these patients 
may be silent in its function. A candidate gene for this silent mutation is now 
known in a family with severe non-dominant hereditary spherocytosis. The first 
one is a-spectrin Prague (at nucleotide 5187—2A—»G at codon 1730) [9], which 
has a mutation in the position second from the end of intron 36, leading to skip¬ 
ping of exon 37 and premature termination of the a-spectrin. The other a-spectrin 
allele demonstrates a partial splicing abnormality in intron 30, and produces only 
about one-sixth of the normal amount of a-spectrin. This low expression allele is 
known as a-spectrin LEPRA (Low Expression allele PRAgue: at nucleotide 
4339—99C—>T at codon 1449) [10], which is linked to the alla/a-spectrin Bughill 
mutation in this patient and in several other patients with non-dominant heredi¬ 
tary spherocytosis. The interaction of a-spectrin LEPRA and an a-spectrin allele en¬ 
coding a nonfunctional peptide appears to be fairly frequent in the pathogenesis of 
severe non-dominant hereditary spherocytosis [11, 12]. 

Animal models for hereditary spherocytosis [13, 14] are known in the common 
house mouse, Mus musculus. These anemias resemble human hereditary spherocy¬ 
tosis. In these mice, anemia is observed only in the homozygotes and all of the mu- 
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tants (sph/sph, sph ha /sph ha , sph 2BC /sph 2BC , sph^/sph^, sph 21 /sph 2] , and sph-Dem/sph- 
Dem) have severe hemolysis along with marked reticulocytosis, spherocytosis, jaun¬ 
dice, bilirubin gallstones, and massive hepatosplenomegaly. The mutations are 
autosomal recessive. 

Of the mutants described above, the sph/sph mutants lack a-spectrin with small 
amounts of (3-spectrin. These sph/sph variants have defects in the synthesis, func¬ 
tion, and/or stability of a-spectrin [14]. The sph and sph 2BC alleles are frameshift 
mutations and null mutations [15]. The sph 1] /sph 1J mice synthesize normal 
amounts of spectrin mRNA and protein, although these mice have a nonsense mu¬ 
tation near the C-terminus that deletes the last 13 amino acids from the a-spectrin. 
These amino acids in the EF hand region at the C-terminal end of a-spectrin are 
expected to be important functionally in attaching spectrin to actin. In fact, the 
a-spectrin produced in the sph 1] /sph 1} mice is not stably incorporated into the mem¬ 
brane. The sph-Dem/sph-Dem mice are derived from in the CeS3/Dem strain, and 
exon 11 and 46 amino acids are missing from repeat 5 of the a-spectrin molecule 
[16]. The mice demonstrate both spherocytosis, elliptocytosis, and some poikilo- 
cytes, resembling a combined phenotype of hereditary spherocytosis and hereditary 
pyropoikilocytosis in humans. 


14.2 

P-Spectrin 

14 . 2.1 

Introduction 

The a- and P-spectrin chains assemble into a heterodimer through a side-to-side 
interaction (see Sections 2.3, 3.2.2, 4.1, 10.4 and 11.3). The spectrin heterodimers 
further self-associate to form tetramers and higher oligomers by interacting in a 
head-to-head configuration. Tetramers are the predominant form of spectrins in 
vivo. At low ionic strength and physiologic temperature (at 37 °C), spectrin dissoci¬ 
ates into dimers. In contrast, at physiologic ionic strength and lower temperature 
(at 25 °C), tetramers predominate. At 4 °C, the equilibrium is almost kinetically 
frozen because of its high activation energy. Therefore, it is possible to extract spec¬ 
trins from the red cell membrane at these temperatures and to examine their as¬ 
sociation states in detail. It is now known that formation of spectrin tetramers and 
higher oligomers is essential in maintaining the mechanical strength of the mem¬ 
brane skeleton. 

The structure of the spectrin self-association site can be elucidated by analyses of 
mutant spectrins and synthetic spectrin fragments, and by proteolytic studies. The 
isolated C helix (or helix 3) at the N-terminus of a-spectrin associates with the iso¬ 
lated A and B helices (or helix 1 and helix 2) at the C-terminus of P-spectrin to form 
a stable triple helical spectrin repeat and a head-to-head orientation of the spectrin 
molecules. The isolated helices alone are not sufficient for this interaction. At least 
one adjacent triple-helical spectrin repeat should exist. Mutations in a- or P-spectrin 
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with disruption of this triple helical coil interaction inhibit the formation of spec¬ 
trin tetramers and higher oligomers leading to weakening of the membrane skele¬ 
ton. The most common cause of hereditary elliptocytosis and hereditary pyropoiki- 
locytosis lies in these defects (see Section 11.3.3), especially at the C-terminal end 
of (3-spectrin. 

The C-terminal region of (3-spectrin is phosphorylated just beyond the site of self¬ 
association. Phosphorylation of |3-spectrin appears to have no effect on spectrin 
self-association in vitro, but in vivo it decreases the membrane mechanical stability 
markedly [17, 18]. 

Functionally, spectrin appears to be a type of spring (see Sections 2.3 and 
3.2.2.1). The tetramers are coiled up in vivo with an end to end distance of about 
76 nm. The spectrin molecules condense by twisting their a and |3 subunits around 
a common axis, and the degree of condensation is regulated by varying the pitch 
and diameter of the twisted double strand. The coiled spectrin tetramers can ex¬ 
tend reversibly until they are stretched up to 200 nm as their maximum length. 
These observations are confirmed by electron micrography. 

14 . 2.2 

P-Spectrin Abnormalities 

In hereditary elliptocytosis, at least 19 mutations in [3-spectrin have been reported 
(see Section 11.3.3). These mutations are all located near the C-terminal region of 
P-spectrin which is the spectrin dimer self-association site. 

Molecular defects causing truncated p-spectrin are as follows (Table 11.1). Abnor¬ 
mal splicings with skipping of exon 30 are: (1) P-spectrin Le Puy (at nucleotide 
6219+4 A—»G), the same as our P-spectrin Yamagata; (2) P-spectrin Gottingen 
(at nucleotide 6219+2 T—>A); (3) P-spectrin Campinas (at nucleotide 6219+1 
G—>A); and (4) P-spectrin Prague (at nucleotide 6023—1 G—»C). Abnormal splicing 
with skipping of exon 31 is observed in (5) P-spectrin Rouen (at nucleotide 6269+3 
G—7T). In these cases with abnormal splicings at the C-terminal end of the P-spec¬ 
trin gene in the patients with hereditary elliptocytosis, the overall length of mutant 
P-spectrin is 2008 amino acids in cases (1) through (4), and 2104 amino acids in 
case (5) of p-spectrin Rouen. The amounts of mutated p’-spectrin are 10—42% 
of the total P-spectrins. Frameshift mutations of P-spectrin are also described, 
that is: (1) P-spectrin Nice (at nucleotides 6136—6137 of codon 2046 in exon 30: 
insertion of GA), (2) P-spectrin Tandil (at nucleotides 6124—6130 of codon 2041 
in exon 30: deletion of seven nucleotides), (3) P-spectrin Tokyo (at nucleotide 
6177 of codon 2059 in exon 30: deletion of C), and (4) P-spectrin Napoli (at nucleo¬ 
tides 6160—6167 of codon 2053 in exon 30: deletion of eight nucleotides). One non¬ 
sense mutation is P-spectrin Nagoya (E2069X), and several missense mutations are 
(1) P-spectrin Cagliari (A2018G), (2) p-spectrin Kayes (A2053P), (3) P-spectrin Co- 
senza (R2064P), (4) P-spectrin Paris (A2023V), (5) P-spectrin Linguere (W2024R), 

(6) p-spectrin Providence (S2019P), (7) p-spectrin Cotonou (W2061R), (8) p-spectrin 
Buffalo (L2025R), and (9) p-spectrin Kuwaitino (A2018D). In several of these mis¬ 
sense mutations, nucleotide substitutions to a proline residue are observed in their 
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mutant peptide, such as P-spectrin Kayes, P-spectrin Cosenza, and P-spectrin Pro¬ 
vidence. As proline is known to disrupt the a-helices, the substitution to proline is 
critical for the triple helical conformation of spectrin in maintaining its structural 
stability. In most of these P-spectrin mutations, an a-spectrin abnormality of a I/74 , 
which is a variant from normal a I/80 , is also observed on tryptic digestion maps of 
spectrins, as shown in p-spectrin Tokyo in the following section. This is now be¬ 
lieved to be the result of the exposure of the N-terminal region of a-spectrin to in¬ 
creased tryptic digestion due to the abnormal spectrin self-association caused by 
the P-spectrin mutations. 

Patients with P-spectrin mutations exhibit mild to moderate hemolysis with he¬ 
moglobin levels of 8.0—15.2 g dlT 1 and reticulocytosis of 1.8—30%. Osmotic fra¬ 
gility in these patients is usually increased, and thermal stability is abnormal 
when they are examined. Homozygous patients with P-spectrin mutations demon¬ 
strate a clinical phenotype of hereditary pyropoikilocytosis with severe neonatal he¬ 
molysis or even lethal hydrops foetalis (see Section 11.2). 

The pathogenesis of the abnormal membrane functions lies in the altered spec¬ 
trin self-association by disrupting the coiled-triple helical structure that forms the 
spectrin dimer self-association site (see Section 11.3.2). In the cases with P-spectrin 
anomalies of p 220 / 216 ; peptides of approximately 4 kDa are lost from the C-terminal 
region of P-spectrin resulting in the trunction of the P-spectrin molecule of 216 kDa 
compared with 220 kDa of a normal P-spectrin molecule. In addition, low tempera¬ 
ture spectrin extracts contain increased spectrin dimer up to approximately 50 % of 
the dimer of the total dimer—tetramer content compared with normal (5—10%). 


Table 14.1 Genotypic and phenotypic characteristics in Japanese HE patients with P-spectrin gene mutations. 
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Nearly all of the abnormal truncated P-spectrin ((3 216 ) is detected in the dimer frac¬ 
tion, indicating that the inability of the abnormal truncated P-spectrin (f3 216 ) peptide 
to oligomerize is responsible for the critical defect of spectrin functions. Details are 
shown in P-spectrin Tokyo, P-spectrin Le Puy in Yamagata, and P-spectrin Nagoya 
in the following sections (Table 14.1 and Fig. 14.2). 

Surprisingly, P-spectrin abnormalities have also recently been discovered in pa¬ 
tients with hereditary spherocytosis (Table 10.1), although these have long been 
considered as the pathogeneses specific for hereditary elliptocytosis including her¬ 
editary pyropoikilocytosis. A group of patients who are heterozygous for defects in 
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the (5-spectrin are associated with isolated spectrin deficiency and autosomal dom¬ 
inantly inherited hereditary spherocytosis (see Section 10.4.4). The majority of P- 
spectrin mutations have been associated with null alleles, including frameshift, 
nonsense, and initiation codon mutations. The sites of these mutations spread 
widely over the whole P-spectrin molecule, but mostly at the N-terminal actin—pro¬ 
tein 4.1 binding domain and in the first half region of the spectrin repeats, but 
none at the C-terminal end of the P-spectrin molecule, which is characteristic of 
hereditary spherocytosis compared with those for hereditary elliptocytosis. At 
least 19 mutations are described in dominant hereditary spherocytosis and only 
one mutation (P-spectrin Birmingham: R1684C) is described in recessive heredi¬ 
tary spherocytosis. The frameshift mutations are (1) P-spectrin Ostrava (at nucleo¬ 
tide 604 at codon 202: deletion of T), (2) P-spectrin Bicetre (at nucleotide 1331 at 
codon 444: deletion of eight nucleotides), (3) P-spectrin Philadelphia (at nucleotides 
1767—1768 at codon 590: insertion of A), (4) P-spectrin St. Barbara (at nucleotide 
1912 at codon 638: deletion of C), (5) P-spectrin Bergen (at nucleotides 2351—2352 
at codon 785: insertion of A), (6) P-spectrin Bergen (at nucleotide 2351—2352 at 
codon 783—784: insertion of A), (7) p-spectrin Houston (at nucleotide 2777 at 
codon 926: deletion of A), and (8) P-spectrin Durham (deletion from L at codon 
1492 to K at codon 1614). The nonsense mutations are (1) p-spectrin Promissao 
(M1V), (2) P-spectrin Alger (Q514X), (3) P-spectrin Baltimore (Q845X), and (4) P- 
spectrin Tabor (Q1946X). Abnormal splicing mutations are (1) P-spectrin Gue- 
mene-Penfao (at nucleotide 300 at codon 100: G—>C), and (2) P-spectrin Win¬ 
ston-Salem (at nucleotide 3764+1 at codon 936: G—>A). The missense mutations 
are (1) p-spectrin Atlanta (W182G), (2) anonymous (G189A), (3) P-spectrin Kissim¬ 
mee (W202R), (4) p-spectrin Oakland (I220V), (5) P-spectrin Columbus (P1227S), 
(6) P-spectrin Birmingham (R1684C), and (7) P-spectrin Sao Paulo (A1884V). 

Amongst these mutations, null alleles including frameshift, nonsense and initia¬ 
tion codon mutations, gene deletions and splicing defects appear to produce ser¬ 
ious dysfunctions of P-spectrin, which is especially true in P-spectrin Durham, in 
which an enormous 4.6 kb genomic deletion is observed. The truncated peptides 
produced are incorporated inefficiently into the red cells. In P-spectrin Winston- 
Salem, exon skipping results in an unstable truncated P-spectrin peptide, and simi¬ 
larly in P-spectrin Guemene-Penfao, which causes an intron to be retained and dis¬ 
turbs the production of P-spectrin transcripts. A frameshift mutation of P-spectrin, 
due to a single nucleotide (A) deletion in P-spectrin Houston, is detected in pa¬ 
tients from several unrelated kindreds, suggesting that this mutation might be a 
common P-spectrin mutation with hereditary spherocytosis, although most other 
mutations are private. P-Spectrin Kissimmee (W202R) is unique among several 
missense mutations. In this defect, heterozygous patients have two types of spec¬ 
trin. The abnormal fraction, approximately 40%, cannot bind protein 4.1 and 
therefore binds weakly to actin. The defect is located at the N-terminal region of 
the P-spectrin, where the actin—protein 4.1 binding site exists. The substitution 
of Trp (W) to Arg (R) in P-spectrin Kissimmee at codon 202 inserts a positively 
charged amino acid in a highly conserved region of a largely hydrophobic amino 
acid sequence and could disrupt a region which is critical for binding to protein 
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4.1. The mutated (3-spectrin is unstable and susceptible to thiol oxidation. These 
abnormalities appear to induce the defect into its binding to protein 4.1. Since it 
is known that patients with the spectrin—protein 4.1 binding abnormality demon¬ 
strate reduced (80 % of the normal content) spectrin content, it is feasible to spec¬ 
ulate that the patient with |3-spectrin Kissimmee exhibits spherocytosis. In any 
case, the mutated P-spectrin, which is produced by these various types of gene mu¬ 
tations, detaches from the membrane more easily than normal and is subjected to 
increased proteolysis. 

In animal models, six types of hereditary hemolytic anemia have been identified 
in the common house mouse, Mus musculus [13, 14]. These anemias resemble her¬ 
editary spherocytosis in human beings. Among them, the ja/ja mutant exhibits no 
detectable spectrin. The mice carry a nonsense mutation in the P-spectrin gene and 
lack the ability to produce stable p-spectrin. The pathogenesis lies in replacement 
of an arginine with a stop codon in the mRNA encoding the ninth repeat of P-spec¬ 
trin. In ja/ja mice in adulthood, cardiac thrombi, fibrotic lesions, and renal hemo¬ 
chromatosis are observed [18, 19]. The membrane vesicles, which are released from 
the extremely unstable mouse red cells, appear to expose phosphatidylserine on 
their outer surface, which would be very thrombogenic. The same line of discus¬ 
sion has been made in clinical hematology; that is, severe and fatal portal vein 
thrombosis is one of the major hazardous complications in patients with paroxys¬ 
mal nocturnal hemoglobinuria with severe hemolysis. 

14.2.3 

P-Spectrin in Tokyo 

The representative p-spectrin variant is P-spectrin Tokyo (p 220 / 216 ) with HE [20]. It 
carries a truncated P-chain (P’-chain) and displays a severely impaired dimer self¬ 
association. The P’-chain could not be phosphorylated in vitro. Genomic and 
cDNA sequencing showed a 1-base deletion in codon 2059 belonging to exon 30 
of the P-spectrin gene. As a result, a missense sequence extended down to (new) 
codon 2075. Serine 2060, a potential phosphorylation site, was replaced by alanine. 

The proband (Y. I.) is an 8 month old girl with severe neonatal jaundice and mod¬ 
erate uncompensated hemolysis. RBC analysis showed elliptocytosis (nearly 90%). 

The patient’s mother presented with slightly increased hemolysis and typical ellip¬ 
tocytosis identical to that of the proband. 

An abnormal band (P’) was detected between normal P-spectrin and ankyrin 
upon SDS—PAGE of membrane proteins in the proband and her mother (Fig. 

14.3). This band had an apparent molecular weight of 216 kDa and was identified 
as spectrin by immunoblotting with antispectrin polyclonal antibodies. Using an 
anti-P-spectrin monoclonal antibody, it was further ascertained that it was p-spec- 
trin. The p’-chain could not be phosphorylated in vitro. 

The amounts of normal spectrin with respect to protein 4.2 was slightly reduced in 
the proband and her mother, but not in the father. The p/a ratio was also diminished 
in the proband and her mother, but the (P + P’)/a ratio was normal. Critically, the 
proportion of the P’-chain was low (15.8 % in the proband and 17.4 % in her mother). 
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Figure 14.3 Detection of truncated P'-spectrin by SDS—PAGE and Western blotting with anti¬ 
spectrin antibody in a patient of P-spectrin Tokyo. Mutated P’-spectrin is shown by an arrow. 


The percentage dimer in crude spectrin extracts (4 °C) was increased in the 
proband and her mother, 27.4 and 29.0%, respectively, compared with 11.9% in 
the father and 10.6+3.4% as the normal (n = 12). Dimer to tetramer conversion 
showed an increased amount of spectrin remaining as a dimer in the proband and 
her mother. The association constant, K, (X10 5 L moD 1 ), was 3.6 and 3.2 in the 
proband and her mother, respectively, versus 6.2 in her father and 5.5 + 1.4 
(n = 68) in the control. The defect in dimer self-association was further supported 
by the distribution of the |3’-chain. In the crude spectrin extract (4 °C) of the 
proband, it appeared essentially in the dimers and additionally in the high 
molecular weight (HMW) oligomers, not in the tetramers. The presence of the 
p’-chain in the HMW oligomers is probably accounted for by the persistence, in 
this fraction, of some actin and protein 4.1 that hold together the junctional 
complex, including some ap’ dimers. Finally, the P’-chain remained in the dimers 
upon dimer to tetramer conversion. Thus, the aP’ dimer is unable to participate in 
tetramerization. 

As seen in other spectrin variants with a shortened P-chain, the proband and her 
mother showed a reduction of the al 80 kDa fragment and a reciprocal increase of 
the al 74 kDa fragment upon partial trypsin digestion. 
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cDNA and genomic DNA sequencing indicated the deletion of one C in codon 
2059 producing a frameshift with a missense sequence downstream, although 
amino acid 2059 (alanine) remained unchanged (Table 11.1. II). Regarding poten¬ 
tial phosphorylation sites, serine 2057 was preserved, whereas serine 2060 was re¬ 
placed. The missense sequence was interrupted by a TGA codon, which normally 
overlaps codons 2076 and 2077 (C TGA AA). 

Spectrin Tokyo (p 220 / 216 ) i s a variant with a truncated p-chain. As in similar mu¬ 
tants, the change causes the aP’ dimer to be virtually unable to tetramerize. It also 
induces a conformational change in the facing a-chain that results in an acceler¬ 
ated production of the al 74 kDa fragment upon partial trypsin digestion. All 
these features bring further support to the model developed by Tse et al., according 
to which helix 2 of repeat pi7, which is profoundly modified in spectrin Tokyo as 
well as in other variants with a truncated P-chain, interacts with helix 3 of repeat al 
so as to create the dimer self-association site. 

Serine 2057 and 2060 are potential phosphorylation sites in the spectrin P-chain. 

The truncated P’-chain of spectrin Rouen, which has a normal sequence down to 
position 2073, has retained some phosphorylation capacity. The shortened P’-chain 
of spectrin Nice, which has a normal sequence down to position 2045 and, of 
course, other abnormal p’-chains with truncation beginning further upstream, 
have lost their phosphorylation ability. In spectrin Tokyo, which can no longer 
be phosphorylated, serine P2057 is conserved, whereas serine P2060 is replaced. 

This suggests that serine 2060 is a possible phosphorylation site in normal spec¬ 
trin. 

Known variants with a truncated P-chain are clinically manifest in the heterozy¬ 
gous state (their expression level is sometimes low; see below), while the only var¬ 
iant with a point mutation reported so far is clinically asymptomatic. However, in 
vitro tetramerization was disturbed in the latter case. In addition to the interaction 
between helix 2 of repeat pi7 and helix 3 of repeat al mentionaed above, the 52 
amino acid unique sequence after repeat pi7 (C-terminal region of the p-chain) 
may play a critical role in stabilizing the tetramer. Alternatively, a few amino 
acids eliminated by whatever deletion has been described so far may be critical 
for self-association. One the other hand, tetramerization was barely altered in a 
spectrin mutant, the P-chain of which is thought to carry an 84 kDa C-terminal ex¬ 
tension. 

In terms of overall length, spectrin Tokyo (2075 amino acids) is nearly identical 
to spectrin Nice (2076 amino acids). Indeed, both variants depend on the same stop 
codon. The one amino acid difference (three nucleotides) is accounted for by the 
summation of the deletion (one nucleotide) and the insertion (two nucleotides) 
that characterize both abnormal P-alleles, respectively. In spectrin Tokyo, the mis¬ 
sense sequence (16 amino acids) is shorter than in spectrin Nice (31 amino acids). 

It is puzzling, then, that spectrin Tokyo has a lower incorporation level than spec¬ 
trin Nice. At the posttranscriptional stage, the mutation does not apparently acti¬ 
vate a cryptic splice site that would cause part of the pre-mRNA to be abnormally 
spliced and eventually degraded. At the posttranslational stage, a smaller missense 
sequence would have been expected to produce a smaller instability and greater in- 
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corporation into the membrane, spectrin Tandil, resulting from yet another frame- 
shift mutation, which also has a low incorporation level. Amongst the spectrin var¬ 
iants in which the shortened |3-chain arises from exon skipping, only spectrin 
Rouen presents with an incorporation level as low as spectrin Tokyo. 

One may wonder why the presence of 10 to 15 % of a truncated P-chain in the 
membrane, e. g., approximately one of six P-spectrin molecules, results in a clini¬ 
cally manifest picture. A 10 to 15 % level of an (a 1/74 ) a-chain would not produce 
clinical symptoms as far as we know at present. We may postulate that (a 1/74 ) (3-mu- 
tations leading to truncation of the p-chain disturb more profoundly the self-asso¬ 
ciation process. This, again, would stress the role of the last 52 amino acids of the 
spectrin P-chain (in addition to the role of helix 2 belonging to repeat P17). Tetra- 
mers with one truncated P-chain would be entirely unable to assemble, as in vitro 
studies tend to corroborate, whereas those with one mutated a-chain would form to 
some extent and thus appear as partly functional. From studies by Liu et al., we 
would expect that spectrin Tokyo substantially disrupts the skeletal lattice even 
in the heterozygous state. 

14.2.4 

P-Spectrin Le Puy in Yamagata 

The second example of P-spectrin mutation is P-spectrin Le Puy (p 220 / 214 ) j n Yama¬ 
gata [21]. The propositus (60 years old) is a Japanese patient with moderate jaun¬ 
dice (bilirubin: total 3.72 and indirect 2.48 mg dL~ J ) and uncompensated anemia. 
The red cell mophology of the peripheral blood from the daughter of the proposi¬ 
tus with the spectrin Le Puy mutation demonstrates a marked elliptocytosis. 

The patient’s mother was deceased due to cerebrovascular disease and his sister 
died of a severe hemolytic anemia at the age of 30. His brother is healthy and does 
not have signs of hemolysis. His 36 year old daughter has a hemolytic anemia with 
typical elliptocytosis. 

Protein structure and function An abnormal band (p’; apparent MW: 214 lcDa) was 
detected between normal p-spectrin and ankyrin on the SDS—PAGE of membrane 
proteins in the propositus. It was ascertained as being a spectrin P-chain using im- 
munoblotting with polyclonal antibodies to spectrin a- and P-chains and, specifi¬ 
cally, with a monoclonal antibody to the spectrin P-chain. The percentage of the 
P’-chain [P’/(P + P’)] was 31.0%. The P’-chain could not be phosphorylated in 
vitro using ghosts and radio-labeled ATP. The dimer percent [SpD/(SpT + SpD)] 
in crude spectrin extracts (4 °C) from the propositus and his daughter was 
increased and the association constant, JQ, was decreased (3.2 and 2.9) (Fig. 
14.4). In the crude spectrin extract (4 °C) of the propositus, the p’-spectrin appeared 
to a great extent in the spectrin dimers [P’/(P + P’)], (77.2 %) and slightly in the 
tetramers (8.8%). These data stressed an impaired ability of the aP’ dimer to par¬ 
ticipate in tetramerization. Upon partial trypsin digestion of spectrin for 22 h, there 
was an increase of the al 74 kDa fragment at the reciprocal expense of the al 
80 kDa fragment (33.80%; normal 25.62+0.42). This indicated that the P’-chain in- 
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Figure 14.4 Presence of the P'-chain essentially nondenaturing PAGE. The chain content of 
in spectrin dimers due to impaired self-asso- each fraction was resolved vertically using 
ciation of truncated P-spectrin anomaly in her- SDS—PAGE. The P’-chain was essentially pres- 
editary elliptocytosis (P-spectrin Yamagata). ent in spectrin dimers. These findings in situ 
Oligomers, tetramers (SpT), and dimers (SpD) were also confirmed by those in vitro. 
of spectrins were separated horizontally using 


duced a change in the a-chain within the self-association site. Altogether, all fea¬ 
tures characterizing (a 1/74 ) (3-mutants were present. 

In the propositus, nucleotide sequencing showed that the 343 bp segment lacks 
exon 30, and revealed an A—»G substitution at position +4 of the 5’ donor splice 
site consensus sequence of intron 30 (Table 11.1. II). Genomic DNA analysis of 
the propositus’ daughter disclosed the same abnormality. 

The membrane skeletons were examined under native unstretched conditions by 
QFDE electron microscopy. In normal subjects, the ghosts exhibited a web-like ap¬ 
pearance with short rods and small globules accounting for spectrin intersections 
(e. g., junctional complexes). The alignment of the network appeared orderly. In 
contrast, the skeleton appeared disrupted in the propositus, with filaments of un¬ 
even lengths and widths, and a reduction in the number of spectrin intersections. 

The membrane skeletons in spectrin Le Puy in Yamagata were also examined by 
EM with the surface replica method. The basic cytoskeletal units varied in size, and 
were mostly enlarged. All of the fibrous filaments appeared to lose their inter¬ 
connections with other filaments. It is interesting to note that some of the fibrous 
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Figure 14.5 Deranged cytoskeletal network in upper part). In contrast, the structure of the 
(3-spectrin Le Puy in Yamagata examined by cytoskeletal network in a patient with [3-spectrin 
electron microscopy with the quick-freeze deep- Le Puy in Yamagata appears disrupted with fi- 
etching method. A continuous orderly three-di- laments of uneven lengths and widths and a 
mensional network of fine filaments and small reduction of the number of intersections (the 
globules is observed in a normal subject (the lower part). 


filaments had a drum-stick appearance, which probably reflected the irregularly 
coiled condition of these filaments. The structure of the whole red cell membranes 
in this disorder was clearly disorganized. Each fibrous filament were identified as 
being spectrins by the immunogold method. 

In spectrin Le Puy in Yamagata, the continuous three-dimensional network of 
fine filaments and small globules which had been observed in the normal control 
was totally disrupted with filaments of uneven lengths and width. A reduction in 
the number of intersections was observed by the EM with the QFDE method 
(Fig. 14.5). The alignment of the network appeared disorderly. These findings 
were essentially the same as those by EM with the surface replica method. It 
seems difficult for abnormal (5-spectrin to maintain a normal tight cytoskeletal 
network. As a result, the units may easily become uncoiled. 

Since erythroid p-spectrin is also expressed in muscle and in the eye lens, a care¬ 
ful examination of the neuromuscular system and of the eye was performed at the 
clinical level, and revealed no specific signs. 
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14.2.5 

(i-Spectrin Nagoya 

The third example is P-spectrin Nagoya [22]. A new HE P-spectrin shortened var¬ 
iant, designated P-spectrin Nagoya is described. The truncation stemmed from a 
primary stop codon (E2069X) in exon 30. 

Scanning electron microscopy of a male baby as the proband red cells disclosed a 
pronounced elliptocytosis. Protein analysis of proband’s red cell membrane on 
SDS—PAGE gave evidence of an additional band of 217 kDa (apparent molecular 
weight), accounting for 16.3% of the total p-spectrin (normal P-chain: 84.7%) 
(Table 14.1). The 217 kDa band reacted with anti-spectrin polyclonal antibodies 
and was not phosphorylated in vitro. 

A T-to-G substitution at the first nucleotide of codon 2069 (GAG—>TAG; Glu —>- 
stop), in exon 30, was observed after proband cDNA sequencing, and designated 
E2069X (a mutation also found at the gene level by sequencing) (Table 11.1. II). 

The new stop codon generated a loss of the 69 C-terminal amino acid residues 
in the variant p-spectrin chain, yielding a variant termed P-spectrin Nagoya. The 
presence of the mutation was at the heterozygous state, and suggested that the mu¬ 
tation was de novo. 

Mutations in P-spectrin associated with HE, an impaired self-association process 
and a p-chain truncated in its C-terminal region, have already been described. Most 
of the primary mutations leading to a frameshift are clustered in exon 30 or in the 
corresponding exon—intron boundaries. p-Spectrin Nagoya is an additional mem¬ 
ber of the present family but is the first variant in which the truncation stems from 
a primary stop codon (E2069X). 

14.2.6 

Correlation Between Genotype and Phenotype Expressions in P-Spectrin Anomalies 

There has been recent progress in the field of red cell membrane disorders using 
molecular biological techniques especially with regard to spectrin anomalies. Com¬ 
pared with numerous reported cases of a-spectrin mutations, P-spectrin anomalies 
are relatively rare, and only 20 variants have been reported, three of which were 
identified at the Kawasaki Medical School [20—21]. On these mutations of P-spec- 
trin in human red cells, it was determined that there were varying degrees of trun¬ 
cation of the C-terminal region of P-spectrin based on molecular abnormalities. In 
contrast to P-spectrin Nagoya [22] which has the least truncation, P-spectrin Le Puy 
[21] demonstrated the most marked truncation of the P-spectrins. P-Spectrin Tokyo 
[20], P-spectrin Nice, p-spectrin Tandil, P-spectrin Kuwaitino, P-spectrin Cagliari, P- 
spectrin Providence and others are in between. It is known that the C-terminal re¬ 
gion of P-spectrin is bound to the N-terminal region of a-spectrin (a 1/80 ). The head- 
to-head contact of a- and P-spectrins initiates the formation of the hetero-tetramer 
(a 2 P 2 ). Therefore, truncation at the C-terminal region of P-spectrin is expected to 
induce impairment of the head-to-head association between a- and P-spectrins. 
Morphologically, the impairment of the association should be indicative of the dis- 
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ruption of the cytoskeletal network; that is, a disconnection of the fibrous filaments 
with uneven lengths and widths, and a reduction in the number of intersections. 
Among the various p-spectrin mutants described above, the red cell membrane ske¬ 
letal network would be most impaired in Spectrin Le Puy, because the mutation of 
the P-spectrin gene in P-spectrin Le Puy is known to induce maximal truncation of 
the C-terminal region of P-spectrin. 

Phenotypic expressions were evaluated in three p-spectrin (Sp) anomalies, that 
is, P-Sp Le Puy, P-Sp Tokyo and P-Sp Nagoya, which were with frameshift and non¬ 
sense mutations. 

Considering the genotypic characteristics, P-Sp Le Puy [21] had a point mutation 
(A—»G) at the +4 nucleotide of the 5’-donor splice site of intron 30. P-Sp Tokyo [20] 
showed the deletion of C at codon 2059. P-Sp Nagoya [22] was due to a nonsense 
mutation of E2069X. All of these three mutations skipped the exon 30. The last 
normal codon was 2007 in P-Sp Le Puy, 2059 in P-Sp Tokyo, and 2068 in P-Sp Na¬ 
goya, compared with the normal subjects (2137). Therefore, the extent of trunca¬ 
tion of the C-terminal region of P-Sp was —130 amino acids in P-Sp Le Puy, —78 
in P-Sp Tokyo, and —69 in P-Sp Nagoya. 

As to the phenotype characteristics, in clinical hematology, red cell counts in the 
peripheral blood were 2.62 X 10 12 pL _1 in p-Sp Le Puy, 3.42 in P-Sp Tokyo, and 3.92 
in P-Sp Nagoya. Elliptocytosis was most marked with many rod-shaped elliptocytes 
in P-Sp Le Puy, moderately ovalocytic in P-Sp Tokyo, and minimally ovalocytic in P- 
Sp Nagoya (Fig. 14.6). Biochemically, the mutated P’-Sp content was 36% of total 
Sp content in P-Sp Le Puy, 17 % in P-Sp Tokyo, and 16 % in P-Sp Nagoya. The con¬ 
tent of Sp dimer and the self-association constants of spectrin dimers were 43 % 
and 3.2 X10 5 M _1 in p-Sp Le Puy, 28% and 3.6 in P-Sp Tokyo, and 22% and 4.0 
in P-Sp Nagoya, respectively (Normal: 7.0+4.0 and 5.8+1.1). Therefore, phenotypi- 
cally, P-Sp Le Puy appeared to be most severely affected, P-Sp Tokyo was moderate, 
and P-Sp Nagoya was minimal. Electron microscopically, the states of the skeletal 
network in these red cells in situ were evaluated by the quick-freeze deep-etching 
method (Fig. 14.7) (see Section 3.2.2.2). The membrane ultrastructure was most 
disrupted in P-Sp Le Puy, moderate in P-Sp Tokyo, and minimal in P-Sp Nagoya. 
The number of basic skeletal units was significantly reduced (334+30 pur 2 ) in 
p-Sp Le Puy, 410+38 in P-Sp Tokyo, and 480+50 in P-Sp Nagoya (normal: 
548+30 pm -2 ). Intramembrane particles (IMPs) were also examined by EM with 
the freeze fracture method (see Section 3.2.3). The number of IMPs was 
3800+208 gnT 2 in P-Sp Le Puy, 3915 + 305 in P-Sp Tokyo, and 4828+370 in P-Sp 
Nagoya (normal: 5390+420). Reflecting on the abnormal skeletal network, IMPs 
were considerably clustered and unevenly distributed in P-Sp Le Puy, less in P- 
Sp Tokyo, and least in P-Sp Nagoya. The extent of genotypic abnormalities, 
which determines the length of normal amino acid chains of the P-Sp molecule 
in these P-Sp anomalies, was well correlated with the phenotypic expressions 
(Fig. 14.8), such as the extent of anemia in clinical hematology, biochemical ab¬ 
normalities of red cell spectrin, and the abnormalities of membrane ultrastructure 
in situ. 
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Figure 14.6 Scanning electron micrographs of peripheral red cells in (3-spectrins Le Puy in 
Yamagata, Tokyo, and Nagoya. 


Figure 14.7 

Electron micrographs 
of red cell cytoskeletal 
networks in a normal 
control subject (C), 
and (3-spectrins Le 
Puy in Yamagata (Y), 
Tokyo (T), and 
Nagoya (N) examined 
by the quick-freeze 
deep-etching method. 
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14.3 

Protein 4.1 

14.3.1 

Introduction 

Protein 4.1, which is one of the key proteins of the skeletal network, has been stud¬ 
ied extensively and has been shown to be an intriguing multifunctional structural 
protein using biochemistry and molecular biology (see Sections 2.3, 4.2 and 11.3). 
It is present in approximately 200 000 copies per cell and interacts with the skeletal 
proteins, spectrin and actin, to form the junctional complex. It also associates with 
integral proteins, glycophorin C, and band 3. In vitro proteolysis studies have 
shown protein 4.1 to be composed of four major domains of 30, 16, 10, and 22/ 
24 kDa. It participates in interactions with spectrin and actin at its 10 kDa domain 
and is also connected to transmembrane proteins by its 30 kDa domain. Therefore, 
protein 4.1 appears to play an important role in the horizontal associations of ske¬ 
letal proteins, but also anchors the skeletal network to transmembrane proteins 
vertically. Despite such detailed information, which has been obtained mostly by 
in vitro experiments, the exact molecular arrangement of membrane proteins 
(especially protein 4.1) and their interactions with the intact membrane structure 
in situ have not been determined. 

Clinically, various abnormalities in protein 4.1 have been reported, including 
structural mutations of protein 4.1 and quantitative abnormalities such as 4.1 
(—) hereditary elliptocytosis (HE); i. e., a heterozygote with reduced protein 4.1 
or a homozygote with no protein 4.1 (see Chapter 11). 
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The red cell protein 4.1 (protein 4.1R) gene (EPB41) is located on chromosome 
lp36.1 (see Section 4.2). 

The protein 4.1 gene is large (>200 kb) and complex with at least 23 exons, in¬ 
cluding 13 alternatively spliced exons. This results in a markedly diverse variety of 
protein 4.1 isoforms in erythroid and nonerythroid cells, each containing different 
peptide cassettes (motifs). 

An upstream 17 base pair sequence at the 5’ end of exon 2 contains an in-frame 
ATG codon that is included in protein 4.1R isoforms which are observed in most 
nonerythroid cells (see Sections 4.2.3 and 4.2.4). The resulting protein contains an 
additional 209 amino acids at the N-terminus and has an apparent molecular 
weight of 135 kDa by SDS—polyacrylamide gel electrophoresis. This sequence is 
omitted early in erythroid differentiation, and a downstream ATG is utilized in¬ 
stead, resulting in the typical 80 kDa isoform of protein 4.1 which is present in ma¬ 
ture red cells. Total deficiencies of protein 4.1R have been observed in four inde¬ 
pendent kindred (protein 4.1 Algeria, protein 4.1 Annery, protein 4.1 Lille, and pro¬ 
tein 4.1 Madrid), in which the downstream initiation codon of the protein 4.1R 
gene is affected, as shown below. Three other mutations have been reported 
(Table 11.1. III). 

Alternative splicing of exon 16 is triggered late in erythroid differentiation and 
inserts a 21 amino acid sequence into the 10 kDa domain that is essential for its 
binding to spectrin and actin. In the pathological conditions, two qualitative var¬ 
iants (protein 4.1 S8/6S , and protein 4.1 95 ) are known when considering the 10 kDa 
spectrin—actin binding domain of protein 4.1 (see Section 11.3.3). 

This remarkably diverse alternative splicing of protein 4.1 makes the analyses of 
the protein 4.1 gene extremely difficult, although a large number of patients with 
partial protein 4.1 deficiency exist. 

Protein 4.1 in mature red cells is composed of four structural domains (see Sec¬ 
tion 4.2.1), which are defined by proteolysis, (1) 30 kDa, (2) 16 kDa, (3) 10 kDa, and 
(4) 22/24 kDa from the N-terminus to the C-terminus. The 30 kDa domain in¬ 
cludes binding sites for calmodulin, CD44, glycophorin C, band 3, and protein 
p55. The 10 kDa domain contains binding sites for myosin, spectrin, and actin. 

The 22/24 kDa domain contains two posttranslational modifications. The first 
one is gradual and spontaneous amidation of asparagine at codon 502 of the pro¬ 
tein 4.1R gene, which converts protein 4.1b with an apparent molecular weight of 
78 kDa into protein 4.1a of 80 kDa. The process is red cell age-dependent. The sec¬ 
ond one is an O-linked monosaccharide, N-acetylglucosamine, which is found on 
cytoplasmic protein 4.1. 

Protein 4.1 has many sites binding it to other membrane proteins on its mole¬ 
cule (see Section 4.2.2). First of all, protein 4.1 can bind to spectrin and actin. 

The binding site of protein 4.1 to [3-spectrin is present very near the actin-binding 
site. The spectrin—actin binding sites are present at the 10 kDa domain of protein 
4.1, which is composed of a 21 amino acid spliced alternatively with exon 16 and 
constitutive exon 17. The 21 amino acid sequence and residues 37 to 43 in the con¬ 
stitutive exon 17 form the spectrin binding site alongside an actin-binding site, 
which is located at the beginning of the constitutive sequence. In addition, one 
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molecule of protein 4.1 can bind to one monomer of F-actin, resulting in 
conformational changes in the actin filament that promotes further protein 4.1 
binding. Thus, protein 4.1 appears to connect spectrin to actin. The spectrin—actin 
binding by protein 4.1 is blocked by protein kinase A phosphorylation in tyro¬ 
sine at codon 418 in the 10 kDa domain of the protein 4.1 molecule. The ternary 
complex also appears to be regulated by Ca 2+ and calmodulin. Calmodulin binds 
to protein 4.1 in a Ca 2+ -independent manner. However, the calmodulin—protein 
4.1 complex appears to infer a Ca 2+ -sensitivity on its binding to spectrin and 
actin. 

When protein 4.1 is depleted, in the patients with total deficiency of protein 4.1 
(such as protein 4.1 Madrid), the red cells exhibit marked hemolysis and mem¬ 
brane instability. The reconstitution of protein 4.1 or its fragment of 64 amino 
acids, which are the 21 amino acid spectrin—actin binding sites in exon 16 and 
the next 43 amino acids in exon 17, restores normal membrane stability. 

Secondly, protein 4.1 also associates with glycophorins, especially the cytoplas¬ 
mic regions of both glycophorin A and glycophorins C and D in vitro. Of these, 
the interaction of protein 4.1 with glycophorins C and D is the functionally 
much more important than with glycophorin A. Glycophorins C-deficient red 
cells exhibit elliptocytosis with membrane instability, but glycophorin A-deficient 
red cells show normal discocytes with normal stability of the membrane. In addi¬ 
tion, the cytoplasmic domain of glycophorins C and D contains two sites for pro¬ 
tein 4.1. Protein 4.1 binds directly to the proximal site near the lipid bilayer, and 
p55 binds to the distal site near the C-terminus of glycophorins C and D. Protein 
4.1 binds to a positively charged portion in the middle of p55. 

Thirdly, protein 4.1 also binds to band 3. Regarding the binding sites, there is 
one site near the N-terminus of band 3 and two sites containing positively charged 
motifs (LRRRY and IRRRY) near the start of the transmembrane domain of band 
3. Approximately 20% or less of the protein 4.1 appears to be bound to band 3 on 
the membrane. The interaction is blocked by phosphorylation of protein 4.1 by pro¬ 
tein kinase C. 

Finally, protein 4.1R interacts with many other proteins and phospholipids, such 
as myosin, tubulin, the neuronal membrane protein paranodin, the immunophilin 
FKBP13, the volume-regulated chloride channel pICIn, CD44, the nuclear mitotic 
apparatus protein NuMA, three tight junction proteins (ZO-1, ZO-2, and occludin), 
and phospholipids, especially phosphatidylserine and polyphosphoinositides. 
These negatively charged phospholipids are located mainly in the inner leaflet of 
the membrane lipid bilayer. Protein 4.1 may have a regulatory function with re¬ 
spect to its membrane binding due to its low-affinity. 

There are four protein 4.1 genes including the red cell protein 4.1 gene ( EPB41) 
(see Section 4.2.4). The protein 4.IN gene ( EPB41L1) is a homologue that is 
strongly expressed in the nervous system. The protein 4.1G gene (EPB41L2) is a 
general form that is widely expressed. The protein 4.1B gene ( EPB41L3 ) is another 
brain specific analogue. The protein 4.1 itself is part of a superfamily of ERM pro¬ 
teins that includes ezrin, radixin, moesin, merlin, talin, coracle and several tyrosine 
phosphatases. They share their homology with the 30 kDa N-terminal domain. 
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14.3.2 

Protein 4.1 Abnormalities 

In some patients with hereditary elliptocytosis protein 4.1 is deficient partially or 
totally (see Chapter 11). In heterozygotes, protein 4.1 is decreased by around 
50% in the common type of hereditary elliptocytosis with prominent elliptocytosis, 
no red cell fragmentation, and virtually no increased hemolysis. Partial deficiency 
of protein 4.1 is a major cause of hereditary elliptocytosis in Japan. In contrast, in 
homozygotes, protein 4.1 is absent in a severe hemolytic anemia with markedly in¬ 
creased osmotic fragility, bizarre red cell morphology, and effective splenectomy. 
Extremely fragile red cells with total deficiency of protein 4.1 in homozygotes 
can restore membrane stability by reconstituting with purified protein 4.1 or a re¬ 
combinant protein 4.1 fragment of the spectrin—actin binding region. 

With a total deficiency of protein 4.1, four independent mutations are known: (1) 
protein 4.1 Algeria, (2) protein 4.1 Annery, (3) protein 4.1 Lille, and (4) protein 4.1 
Madrid (see Section 11.3.3). Of these, protein 4.1 Algeria is caused by a 318 base 
pair deletion in the protein 4.1R gene, which eliminates the downstream initiation 
codon utilized by the 80 kDa erythroid isoform of protein 4.1. In the same way, pro¬ 
tein Annery is also caused by a large 70 kb deletion of the protein 4.1R gene with 
elimination of the downstream initiation codon. Protein 4.1 Lille (MIT) and pro¬ 
tein 4.1 Madrid (MIR) have missense mutations in the same initiation codon, 
which also prevent expression of the erythroid type of protein 4.1. Patients with 
complete protein 4.1 deficiency also demonstrate a virtual deficiency of glycophorin 
C, because protein 4.1 has a binding site to glycophorin C in the membrane. A de¬ 
tailed description on protein 4.1 Madrid will be given in the following section. 

Deletion of a single residue in the 10 kDa spectrin—binding domain of the pro¬ 
tein 4.1 gene is observed in protein 4.1 Aravis (K 447 deletion), resulting the loss of 
its capacity to bind spectrin. Two other mutations have also been described (Table 
11.1. III). 

Qualitative abnormalities of protein 4.1 have been reported (see Section 11.3.3). 

A typical case is a shortened type of protein 4.1 (protein 4.1 68/S5 ). The patients with 
this abnormality exhibit common hereditary elliptocytosis with moderate chronic 
hemolysis. The protein 4.1 content in the red cell membranes decreases to 50% 
of the normal with two abnormal faint bands of 65 and 68 kDa in electrophoretic 
mobility. In these patients, the binding capacity of the abnormal protein 4.1 to nor¬ 
mal spectrin and actin was reduced to approximately 40 % of normal. This short¬ 
ened form of protein 4.1 is caused by a deletion of the entire 10 kDa spectrin—actin 
binding domain (codons 407 to 487), resulting in a deletion of 80 amino acids. 

Another qualitative anomaly is a large (95 kDa) variant of protein 4.1 (protein 
4.1 95 ). This variant is caused by the internal duplication of a 369 base pair segment 
consisting of three exons that encode lysine in codon 407 to glutamine in codon 
529, resulting in duplication of the spectrin—actin binding domain. This additional 
insertion of the spectrin—actin binding domain does not produce severe hemolysis, 
but exhibits its mild phenotype. 
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Protein 4.1 Presles is a shortened protein 4.1 which demonstrates a doublet of 
protein 4.1 with apparent sizes of 73 and 74 kDa. This anomaly is caused by skip¬ 
ping one exon that encodes 34 amino acids near the beginning of the C-terminal 
22/24 kDa domain, but is asymptomatic even in the homozygote. 

In hereditary spherocytosis, no abnormalities of protein 4.1 and of the protein 
4.1 gene have been reported. 

In animal models of protein 4.1, mice lacking red cell protein 4.1 (protein 4.1R) 
are known [23], as well as zebrafish with a total deficiency of protein 4.1R [24]. 
Homozygotes by gene targeting exhibit mild to moderate hemolysis with increased 
fragmentation and red cell membrane instability. With a total deficiency of protein 
4.1, a partial deficiency in protein p55, glycophorin C, ankyrin, and spectrin, is also 
observed, suggesting that loss of protein 4.1 produces an impaired membrane 
skeleton assembly, as observed in human protein 4.1 deficiencies. Contrary to ex¬ 
pectations, red cell morphology demonstrates spherocytosis but not elliptocytosis, 
probably because spectrin deficiency present with a total deficiency of protein 4.1 
appears to be critical for this event. The targeted homozygous mice show neurolo¬ 
gical abnormalities in movement, coordination, and learning, probably due to com¬ 
bined impairment of neuronal isoforms of erythroid protein 4.1 by the gene 
targeting. 

14.3.3 

Total Deficiency of Protein 4.1: Protein 4.1 (—) Madrid 

Homozygous 4.1 (—) HE is extremely rare. The allele Madrid was identified as a 
point mutation of the downstream translation initiation codon (AUG—tAGG) 
that induced the missing protein 4.1 in a homozygous state [25]. Just as in deletion 
experiments in nature, the homozygous 4.1 (—) Madrid case may serve as an excel¬ 
lent model for elucidating the crucial roles played by protein 4.1 in association with 
skeletal proteins in the skeletal network, in interactions with band 3, which are still 
controversial, and in its competition with ankyrin [26]. 

In this splenectomized patient, therefore, the skeletal network was examined by 
EM using the quick-freeze deep-etching (QFDE) method and the surface replica 
(SR) method with the immunogold method (see Section 3.2.2). The intramem¬ 
brane particles (IMPs) were also examined by EM using the freeze fracture (FF) 
method (see Section 3.2.3). 

Scanning electron micrography demonstrates marked anisocytosis, poikilocyto- 
sis with elliptocytosis [26], and fragmented red cells in the 4.1 (—) Madrid (Fig. 
14.9), compared with discocytes in a normal subject. Some of these changes appear 
to be modified by splenectomy. 

Because the symptomatology was essentially restricted to the red cells, two cDNA 
regions were studied which appear critical to this cell type, namely motif I and the 
downstream initiation codon [23]. The sequence of motif I was normal. After RT- 
PCR amplification of 4.1 mRNA around the downstream initiation codon, a preva¬ 
lent fragment of 990 bp was obtained, corresponding to the major mRNA 4.1 ery¬ 
throid isoform. Sequencing, carried out after an additional set of (asymmetrical) 
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Figure 14.9 Scanning electron mi¬ 
crograph of peripheral red cells in 
the homozygous patient with total 
deficiency of protein 4.1 [protein 4.1 
(—) Madrid]. 
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Figure 14.10 Schematic demonstration of gene mutation in protein 4.1 (—) Madrid. 


PCR, showed a T to G substitution (AUG—>AGG) at the position 161 of the 213nt 
exon. Therefore, the downstream AUG initiation codon appeared closed (Fig. 14.10). 

The total absence of protein 4.1 was confirmed by SDS—PAGE and Western blot¬ 
ting with anti-protein 4.1 polyclonal antibodies [25]. A 55 kD protein (p55) was 
missing in the region of band 4.5, and glycophorins C and D were sharply dimin¬ 
ished. The amount of spectrin (a chain and (3 chain ) was significantly decreased by 
21.4% on SDS—PAGE using Fairbanks gels. The amount of actin was also dimin¬ 
ished by 18.4 % on the Laemmli gels. The protein 4.2 content appeared to be lower 
than that of normal controls as judged by the Laemmli gels, but the difference was 
not significant. The amount of ankyrin appeared to be normal on the Fairbanks 
gels under the usual steady-state conditions with essentially normal reticulocyte 
counts (43 X 10 9 L _1 ). 
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Figure 14.11.Total lack of protein 4.1 molecules in red cells of homozygous protein 4.1 (—) Madrid 
examined by immuno-electron microscopy with the surface replica method with anti-human 
protein 4.1 mouse monoclonal antibody. C: a normal subject, P: a patient. 


Red cell ghosts were examined by immuno-EM using the surface replica method 
with anti-protein 4.1 antibody conjugated with immunogold particles. The immu- 
nogold particles (protein 4.1) were missing completely in the red cells of protein 
4.1 (—) Madrid [26] (Fig. 14.11), in contrast to the normal subjects, in whom the 
immunogold particles with the anti-protein 4.1 antibody were found to be present 
normally by colocalizing at the skeletal network. In normal subjects, the number of 
immunogold particles with anti-protein 4.1 antibody was 186 ± 29 jinT 2 . There¬ 
fore, the total deficiency of protein 4.1, which had been suggested by biochemical 
analyses on SDS—PAGE was demonstrated morphologically by the immuno-EM. 

Skeletal networks of red cell membrane ghosts were examined by EM using the 
QFDE method [26] (Fig. 14.12). In the normal subjects, the filaments (mostly spec¬ 
trin, as identified by immuno-EM) of the intact skeletal network were present in 
multistereotactic dimensions rather than in a single plane. The filaments in the 
normal subjects were 48 ± 9 nm in length and 7 ± 1 nm in diameter and appeared 
to be in a folded configuration. The skeletal network in normal red cells showed a 
fairly uniform distibution of filamentous structures and also uniformity of appar¬ 
ent branchpoints of the filamentous elements in an essentially orderly fashion. The 
skeletal network in normal subjects showed numerous basic units, resembling 
cages, the number of which was 548 ± 39 gnT 2 . These cage-like structures con¬ 
sisted essentially of two major types of units; i. e., small (20 to 44 nm) and medium 
(45 to 68 nm) sized units as determined by the interdistance (or diameter) of the 
longer axis of each structure. In normal subjects, two-thirds of these units were of a 
small size (70 ± 10%), and the remaining one-third were of medium size (25 ± 
6%). There were only a few large-sized units (5 ± 1%) in the normal subjects. 

In contrast, with a total deficiency of protein 4.1, the uniform distribution of fi¬ 
lamentous structures was lost, and apparent branch points of the filamentous ele¬ 
ments were markedly disrupted or distorted. The abnormality of the skeletal net¬ 
work in protein 4.1 deficiency was quantitated by counting the number of apparent 
skeletal units still left as nearly recognizable and acceptable for these counting pro- 
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Figure 14.12 Skeletal 
networks examined by 
electron microscopy 
with the quick-freeze 
deep-etching method. 
Markedly disrupted 
skeletal networks are 
shown representatively 
in the protein 4.1 (—) 
Madrid (the lower 
panel) as compared 
with normal subjects 
(the upper panel). 



cedures. The number of these skeletal units was markedly reduced in the 4.1 (—) 
Madrid case (131 ± 21 puT 2 ) [26]. 

The relative size distribution of these skeletal units was also quantitated by mea¬ 
suring the interdistance (or diameter) of the longer axis in each unit. In the 4.1 (—) 
Madrid case, the skeletal units of basic small size (20 to 44 nm) were markedly re¬ 
duced (17 ± 4 pnT 2 ) [26] compared with the number in the normal subjects 
(384 ± 52 puT 2 ). In their place, units of large size (69 to 92 nm) and of extra- 
large size (93 to 240 nm), which were rarely observed in the normal subjects (5 
± 1%), were markedly increased in the 4.1 (—) Madrid case (64 ± 14%) [26]. It 
should be noted that the structures being called small, large, or extra-large cages 
may be composed of entirely different components (and/or the same components 
organized differently in relation to one another) in the 4.1-deficient sample com¬ 
pared with the normal sample. 

Intact red cells of normal subjects and of the 4.1 (—) Madrid case were examined 
by EM with the surface replica method [26]. The skeletal networks were further la¬ 
beled by the immunogold particles conjugated with antispectrin polyclonal anti¬ 
body. The filaments of the skeletal meshwork in situ were identified as spectrin 
by immunogold labeling (Fig. 14.13). The immunogold particles (spectrin) in the 
normal subjects were virtually evenly distributed representing a normal orderly ar¬ 
ranged skeletal network as observed by EM with the QFDE method. The number of 
immunogold particles (spectrins) was 504 ±3 6 pnT 2 in the normal subjects. In 
contrast, the immunogold particles for spectrin labeling in the 4.1 (—) Madrid 
case were definitely distributed in an uneven fashion, mainly by forming large 
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Figure 14.13 Immuno-electron microscopy of red cell membrane skeletons using the surface 
replica method with antihuman spectrin rabbit polyclonal IgC antibody. Aggregated spectrin was 
noted in the protein 4.1 (—) Madrid case (P) as compared with normal subjects (C). 


clusters, or by lining up close together in a necklace fashion. It was evident that 
many areas of the membrane plane remained open and free from any immuno- 
gold particles, indicating that the skeletal meshwork was completely disrupted or 
distorted in the absence of protein 4.1. The findings were nearly identical to 
those by EM using the QFDE method. The number of immunogold particles 
was slightly diminished to 395 ± 63 pm -2 (—21.6 of the mean value of normal con¬ 
trols) in this patient, which was compatible with the biochemical results [26]. 

Immuno-EM with the anti-ankyrin antibody was also applied to normal cells and 
the 4.1 (—) Madrid red cells. Ankyrin was almost evenly distributed in the normal 
subjects. The number of immunogold particles (ankyrin) was 150+34 pm -2 in nor¬ 
mal subjects (w = 20). In contrast, large open areas without immunogold particles 
(ankyrin) were widely present in the 4.1 (—) Madrid case. Although the number of 
immunogold particles of ankyrin appeared to be slightly diminished to 
123+21 pm -2 (—19.8% of the normal controls), the most striking feature was 
the rather clustered distribution of immunogold particles [26], which were still at¬ 
tached to the basic units of the skeletal meshwork. There was a minor discrepancy 
in the ankyrin quantitation by SDS—PAGE (the same as the normal control) and by 
the immunogold method [slightly less in the 4.1 (—) Madrid]. This might be due to 
the experimental conditions, in which the ankyrin labeling in situ was abnormal in 
the 4.1 (—) Madrid probably because of the limitation of the epitopes for ankyrin 
molecules. 

Intact red cells were subjected to EM using the FF method [26] (Fig. 14.14). In 
the normal subjects, the number of IMPs at the inner (so-called “P”) face was 
5390+420 pm -2 , most (71+8%) of which were basically small (4 to 8 nm) in 
size. In the red cells of the protein 4.1 (—) Madrid case, the number of IMPs pres¬ 
ent was normal (5275 + 329 pm -2 ). The size distribution of IMPs appeared to be 
unaffected; i. e., 68+9 % of small size (4 to 8 nm in diameter), 29+5 % of medium 
size (9 to 20 nm), and 3+2% of large size (>21 nm). Therefore, no quantitative 
IMP abnormalities were observed in this patient. However, there was a striking dis¬ 
appearance of the regular distribution of IMPs of small size that were a major com¬ 
ponent of IMPs [26]. In the patient, the IMPs appeared to form clusters of various 



Figure 14.14 Intramembrane particles at the 
inner (so-called “P") face by electron micro¬ 
scopy with the freeze-fracture method. No 
quantitative abnormalities were detected in the 
protein 4.1 (—) Madrid case (right), as com¬ 
pared with normal subjects (C: left). However, 
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regular distribution was lost with many clusters 
of various sizes in the protein 4.1 (—) Madrid 
case. Many irregularly and widely open mem¬ 
brane areas with a much smaller number of 
IMPs were also observed. 


sizes that were composed of 3—10 IMPs. The uneven distribution of IMPs at the 
inner (so-called “P”) face in the patient was demonstrated by counting the numbers 
of IMPs in surface areas of a specific size by EM using the freeze fracture method 
[26]. In normal subjects, approximately 80% of each membrane face area con¬ 
tained 6—11 IMPs per 33 nm 2 . Only 2.4% of the membrane areas contained 
0—3 IMPs per 33 nm 2 . In contrast, in the 4.1 (—) Madrid red cells, nearly 40% 
of the membrane face areas contained 0—5 IMPs, although the total number of 
IMPs was nearly identical on a larger scale (i. e., per square micrometer). 

Protein 4.1 is known as one of the most important proteins because of its inter¬ 
actions with spectrin, actin, and integral proteins in the lipid bilayer (see Section 
4.2.2). It has been shown that protein 4.1 binds tightly to p-spectrin very near to 
the actin binding site, probably within the N-terminal domain, and also that its 
10 kDa domain strengthens the spectrin—actin binding. Using EM, it has been 
shown that protein 4.1 and actin bind at the end of the [3-spectrin molecule. The 
ternary complex appears to be regulated by the degree of phosphorylation by pro¬ 
tein kinase A, by tyrosine kinase, and by Ca 2+ and calmodulin. Protein 4.1 also ap¬ 
pears to have binding sites for band 3, glycophorin A (GPA), and glycophorin C 
(GPC), probably at its 30 kDa domain. Protein 4.1 deficient red cells have also 
been reported to be deficient in GPC and p55, but not in GPA or band 3. Protein 
4.1 also interacts with myosin at its 10 kDa domain. 

However, most of the findings described above have been obtained by in vitro ex¬ 
periments. Therefore, it should be clarified whether these interactions of protein 
4.1 with other membrane proteins actually occur in the membrane structure in 
situ. If so, the primary deficiency of protein 4.1 should give rise to a tremendous 
disruption of the skeletal network, resulting in severe hemolysis. 

A particular Spanish patient had been shown to be a homozygote of complete pro¬ 
tein 4.1 deficiency due to a point mutation at the downstream translation initiation 
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codon (ATG—>AGG) of the protein 4.1 gene, leading to a total lack of red cell protein 
4.1. Therefore, this patient was studied by EM using the surface replica method (see 
Section 3.2.2.3), which was combined with the immunogold method using the anti¬ 
protein 4.1 antibody, because this procedure using the antispectrin antibody had 
been successfully applied to clarify the impaired skeletal network in (S-spectrin Le 
Puy [21]. In this homozygous 4.1 (—) patient, immuno-EM proved that protein 
4.1 was totally missing, as expected from the biochemical and genetic data. 

The replica method with the QFDE method for EM is believed to provide the best 
resolution for visualization of the in situ condition of the skeletal network. With 
this method, the intact structure of the skeletal network was clearly shown in nor¬ 
mal RBC membranes. However, in the 4.1 (—) Madrid case, the skeletal meshwork 
was totally disrupted or distorted, as shown by the disappearance of normal intact 
basic units, elongation of fibrous filaments, and disconnection of each basic unit of 
the skeletal network, although the amount of spectrin was only minimally de¬ 
creased biochemically. In addition, no functional abnormalities of spectrin, such 
as the dimer—dimer association, were detected. Therefore, the marked abnormal¬ 
ities of the skeletal network appear to be derived from the total protein 4.1 defi¬ 
ciency due to the primary genetic lesion, because other proteins, especially anchor¬ 
ing proteins such as ankyrin and protein 4.2, appeared to be nearly normally main¬ 
tained. The marked abnormalities in the 4.1 (—) Madrid case as detected by EM 
with the QFDE method were confirmed by immuno-EM with the surface replica 
method using the antispectrin antibody. 

It has been proposed that the skeletal network, which is composed mostly of 
spectrin, is linked to the integral proteins, such as band 3, glycophorins, and 
others, via interaction with anchoring proteins (see Sections 4.1, 5.1 and 6.1). A cri¬ 
tical role for protein 4.2 in connecting the skeletal network with the integral pro¬ 
teins (especially band 3) has recently been suggested from EM studies of red 
cells with a total deficiency of protein 4.2. Possible interaction of protein 4.2 
with spectrin has been reported directly by a binding assay of protein 4.2 to spec¬ 
trin. In this 4.1 (—) Madrid case, the amount of protein 4.2 present was nearly nor¬ 
mal and not deficient. 

Ankyrin has been reported to be one of the major anchoring proteins connecting 
the skeletal network (especially spectrin) to the integral proteins (especially band 3) 
(see Section 6.1). Therefore, it would be interesting to know whether the skeletal 
network could normally be supported by the presence of ankyrin even in the 
total absence of protein 4.1. The amount of ankyrin present in this splenectomized 
patient with a normal reticulocyte count was nearly normal, but the disruption of 
the skeletal network was extremely marked, indicating that the critical role played 
by protein 4.1 in construction of the skeletal network cannot be taken over by an¬ 
kyrin. In addition, under conditions with a total absence of protein 4.1, ankyrin 
tended to cluster, as shown by the immuno-EM with the anti-ankyrin antibody. 
The degree of clustering of ankyrin appeared to be more marked than that of spec¬ 
trin. This may imply that, in addition to the primary abnormalities of the skeletal 
network itself, the distribution of ankyrin was more directly affected in the absence 
of protein 4.1. 
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Finally, the interaction of the skeletal network and the integral proteins (espe¬ 
cially band 3) under the total deficiency of protein 4.1 must be discussed. It has 
also been speculated that protein 4.1 may play a biological role in connecting 
the skeletal network to the integral proteins (especially band 3) in the lipid bilayer, 
although there is much controversy regarding this possibility. Surprisingly, the EM 
with the FF method showed no quantitative abnormalities in IMPs in the 4.1 (—) 
Madrid case [26], unlike the markedly decreased p55 and GPC, although protein 
4.1 has been reported to be bound to band 3. The number of IMPs in this patient 
was normal, corresponding to the biochemical results, which showed a nearly nor¬ 
mal band 3 content on SDS PAGE. The sizing of the IMPs was also identical to 
that of normal subjects [26]. The sizing of the IMPs is considered to be one of the 
typical indices for determining the extent of oligomerization of band 3. Therefore, 
it appears evident that protein 4.1 has no substantial effect on the oligomerization 
of band 3, although this interpretation may be conservative, because of the fact that 
the number of copies of band 3 (approximately 1 000 000 per red cell) is so much 
greater than that of protein 4.1 (approximately 200 000 per red cell) to appreciate 
significant differences in the oligomeric state of band 3. 

However, the most striking feature of the abnormalities in the IMPs was their 
uneven distribution [26]. It has been reported that band 3 consists of a mobile frac¬ 
tion (one-third) and an immobile fraction (two-thirds), which is fixed to the skeletal 
network mostly by ankyrin. Therefore, a condition involving the marked disruption 
of the skeletal network with clustering of spectrin and ankyrin should readily affect 
the state of distribution of band 3, resulting in an abnormal distribution pattern of 
IMPs. When examined using a smaller scale (33 nm 2 ), some membrane areas 
should contain the clustered IMPs, which should be composed mostly of the im¬ 
mobile band 3 attached to the distorted skeletal network and/or of the mobile 
band 3 trapped in collapsed compartments of the skeletal proteins. However, 
other areas should contain a much smaller number of IMPs. The abnormal distri¬ 
bution pattern of the IMPs in the 4.1 (—) Madrid case, therefore, appears mainly to 
reflect the markedly impaired skeletal disruption. 

Another consideration is a possible competitive interaction between ankyrin and 
protein 4.1. Ankyrin has its binding to band 3 near the N-terminus and also at a 
putative central hinge. Protein 4.1 also has its binding to band 3 predominatly 
near the N-terminus and also near the junction of the cytoplasmic domain and 
the membrane domain of band 3. Therefore, protein 4.1 may be in competition 
with ankyrin with regard to its binding to band 3. In the absence of protein 4.1, 
ankyrin (—100 000 copies per red cell) may have more opportunities to bind to 
band 3 molecules, unless it has to share its binding to band 3 with protein 4.1. 

The increased binding of ankyrin to band 3 in the absence of protein 4.1 may en¬ 
hance the clustering of band 3, which is connected to or is trapped in the collapsed 
compartments of skeletal proteins. 

Other integral proteins, such as p55 and GPC, which were also diminished sec¬ 
ondary to the absence of protein 4.1, might be involved in the abnormalities of the 
IMPs to some extent, despite the fact that there is no direct evidence. 
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14.3 Protein 4.1 


In summary, marked disruption of the skeletal network in situ was shown spe¬ 
cifically in the protein 4.1 (—) Madrid case by EM using the QFDE method and 
the surface replica method combined with the immunogold method using antibo¬ 
dies against spectrin, protein 4.1, and ankyrin. The abnormal distribution of IMPs 
(especially band 3) was probably mainly a reflection of the impaired skeletal net¬ 
work [26] (Fig. 14.15). Therefore, protein 4.1 appears to be crucial in maintaining 
the normal integrity of the membrane structure, both of the skeletal network and 
of the integral proteins. 



Skeletal 

network 


Immunogold 
panicles: 
•Spectrins 
o Ankyrin 

Figure 14.15 Schematic diagrams of states of 
IMPs and the skeletal network in the red cells of 
normal and the protein 4.1 (—) Madrid case. 
The upper and the middle portions indicate the 
sizes and distribution patterns in normal (left) 
and the protein 4.1 (—) Madrid case (right). The 
clustering of the normal-sized IMPs is evident 
in the protein 4.1 (—) Madrid case. The bottom 
portions represent the states of the skeletal 
network of normal (left) and the protein 4.1 (—) 




Madrid cases (right). Closed circles: anti-spec¬ 
trin conjugated immunogold particles, open 
circles: anti-ankyrin conjugated immunogold 
particles. The skeletal network in the protein 4.1 
(—) Madrid case is markedly disrupted, which 
is proven by the abnormal distribution of the 
immunogold particles for spectrin. Ankyrin 
tends to cluster more than spectrin in the pro¬ 
tein 4.1 (—) Madrid case. 
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15 

Abnormalities of Integral Proteins and Blood Croup Antigens 


15.1 
Band 3 

15.1.1 

Introduction 

Band 3 is the anion exchanger of the red cell membrane with 1.2 X 10 6 molecules 
per cell and with 911 amino acids [1—4] (see Sections 2.3.2, 3.2.3, 5.1). This protein 
is a 102 kDa transmembrane glycoprotein with heterogeneous glycosylation, which 
demonstrates a diffuse band on SDS—polyacrylamide gels. It is divided into two 
structural domains; that is, the cytoplasmic domain with 403 amino acids at the 
N-terminal side, and the membrane domain with 508 amino acids, which form 
the 12 to 14 transmembrane segments. A single carbohydrate side chain is at¬ 
tached to the outer membrane surface at asparagine 642 carrying the I/i blood 
group antigens (see Section 5.3.10). The extracellular portion of band 3 also carries 
the antigens of the Diego blood group system (see Section 5.3.11). In addition, 
band 3 and glycophorin A are associated in the membrane (see Section 5.2.1.1). 

The most important physiological function of the 52 kDa membrane domain is 
the formation of the anion exchange channel, which enables the red cells to ex¬ 
change CD for HCO, (see Section 5.1.2.4). Much of the HCO,, which is produced 
in red cells by carbonic anhydrase, is carried in the plasma. This channel increases 
C0 2 transport from the tissues to the lungs by approximately 60 %. The exchange 
rate for CD and HCO^ is extremely rapid, e. g., T 1/2 =50 ms. This channel is also 
capable of transporting larger size anions, such as sulfate, phosphate, phosphoenol 
pyruvate, and superoxide, although transport rates for these anions are much 
slower. These anions appear to be transported by a bi-directional mechanism in 
which an intracellular anion enters the transport channel and is translocated out¬ 
wards and released, with the channel remaining in the outward conformation until 
an extracellular anion enters and triggers the reverse cycle. The transmembrane 
segments of band 3 appear to cluster together to form the transport channel. 
Each monomer of band 3 molecule contains a functional anion channel. C0 2 , as 
well as HCCD, may move through this channel of band 3. Carbonic anhydrase 
II, which interconverts C0 2 and HCO j, has its binding capacity to the C-terminus 
of band 3. To investigate the function of anion exchange channel of band 3, a po- 
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tent anion transport inhibitor (4,4’-diisothiocyanostilbene-2,2’-disulfonate: DIDS) 
has been widely utilized. This stilbene disulfonate binds to two lysine residues 
(Lys539 and Lys851) on externally exposed regions of band 3 in or near the en¬ 
trance of this anion exchange channel. 

The 43 kDa cytoplasmic domain at the N-terminal region of band 3 is a water 
soluble, 403 amino acid segment (see Section 5.1.1). Characteristic features of 
this domain are the presence of the hinge region, and of the binding sites for a 
large number of red cell cytosolic and membrane proteins (see Section 5.1.2.1). 
This domain stretches at higher pH and contracts at lower pH at its hinge region. 
The cytoplasmic domain of band 3 binds to hemoglobin, hemichromes, and glyco¬ 
lytic enzymes at its very acidic segment located at the extreme N-terminus. Ap¬ 
proximately half of the band 3 molecules are bound under physiological condi¬ 
tions. Hemichromes, which are a partly denatured form of hemoglobin, also 
bind to band 3 resulting in band 3—hemichrome aggregates, which are usually 
known as the Heinz bodies. Regarding glycolytic enzymes, approximately 65 % 
of glyceraldehyde-3-phosphate dehydrogenase activity, 50% of phosphoglycerate ki¬ 
nase activity, and 40 % of aldolase activity are bound in the intact red cells, probably 
mostly to band 3 molecules (see Section 5.1.2.2). These enzymatic activities are in¬ 
hibited by this membrane attachment, which is also regulated by substrates, cofac¬ 
tors, inhibitors, and phosphorylation of tyrosine at codon 8 of band 3 molecule. 
Therefore, band 3 may be one of the important regulators of red cell glycolysis. 

The cytoplasmic domain of band 3 also binds to ankyrin, protein 4.1, and protein 
4.2 of red cell membranes (see Section 5.1.2.1). One ankyrin molecule binds 
strongly only to each band 3 tetramer. Band 3 tetramers dissociate into dimers 
when ankyrin is removed, and band 3 and ankyrin reassociate when ankyrin is re¬ 
stored. Approximately 30—40 % of the band 3 molecules are bound to ankyrin and 
the membrane skeleton. The binding sites of band 3 for ankyrin are the proximal, 
middle, and distal portions of the cytoplasmic domain. Band 3 forms stable dimers, 
tetramers, and higher oligomers in a solution of the nonionic detergent, octaethy- 
lene glycol n-dodecyl monoether (C12E8), which is useful for separating various 
oligomeric states of band 3 molecules. Normally, 70% is in the dimeric form of 
band 3 and 30% is as tetramers and oligomers. These tetramers are associated 
with the membrane skeleton. The band 3 molecules attached to or trapped by 
the skeletal network are immobile, when examined by the fluorescence recovery 
after the photobleaching (FRAP) method for lateral mobility. Approximately, two- 
thirds of band 3 molecules is mobile. 

Several isoforms of band 3 are now known (see Section 5.1.3). Red cell band 3 is 
a member of a family of an anion exchanger (AE) gene family and is also a homo¬ 
logous anion transport exchanger (solute carrier family 4A: SLC4A). AE1 (or 
SLC4A1) is the red cell form of band 3. This AE1 is also expressed in the kidney, 
in which the N-terminal 66 amino acids are not included. AE2 (or SLC4A2) is the 
general tissue anion antiporter, and is widely distributed. AE3 (or SLC4A3) is 
expressed in the heart and the brain. 
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15.1.2 

Band 3 Abnormalities 

In Western countries, band 3 deficiency is thought to be one of major causes of 
hereditary spherocytosis [3—6] (Table 10.1 and see Section 10.4.2). According to 
an analysis of 166 kindred with hereditary spherocytosis by Jarolim et al. [7], defi¬ 
ciency of ankyrin (and its related spectrins) was found in 60 % of these kindred, 
band 3 in 23%, and protein 4.2 in 2%; 15% were of unknown origin. Dhermy 
et al. [8] also reported that in 80 kindred with hereditary spherocytosis, ankyrin/ 
spectrin deficiency was detected in 55 %, band 3 in 27 %, and protein 4.2 in 3 %; 

15 % were of unknown etiology. Hassoun et al. [9] reported ten P-spectrin muta¬ 
tions in 40 families with hereditary spherocytosis associated with spectrin defi¬ 
ciency or combined spectrin and ankyrin deficiencies. These results clearly indicate 
that band 3 abnormalities are the second major cause pathognomonic for heredi¬ 
tary spherocytosis in Western countries. In contrast, abnormalities of band 3 and 
protein 4.2 appear to be predominant in the Japanese patients with hereditary 
spherocytosis [10], although ankyrin gene mutations are not particularly rare, prob¬ 
ably accounting for one-third of all hereditary spherocytosis patients. 

To date, at least 57 band 3 gene mutations have been reported in a worldwide 
survey (see Section 10.4.2), including 26 missense mutations, 23 frameshift and 
nonsense mutations, 4 splicing abnormalities, one nucleotide duplication, one 
in-frame deletion, and two nucleotide substitutions at the promoter region. The 
missense mutations are predominant, 46% of the total band 3 mutations. The 
band 3 mutations in the coding regions are clustered at exons 4 and 5, 9 and 
10, and 17—19. The missense mutations are also frequently observed at the cluster 
R region and especially at three other sites (codon 760 at exon 17, codon 808 at 
exon 18 and codon 837 at exon 19). The frameshift and nonsense mutations are 
densely localized at the region corresponding to the cytoplasmic domain of the 
band 3 molecule at the 5’ end. The missense mutations tend to be fairly frequently 
localized at the region corresponding to the membrane domain at the 3’ end. 

The mode of inheritance of hereditary spherocytosis with band 3 mutations ap¬ 
pears to be mostly autosomal dominantly inherited (e. g., band 3 Kagoshima [10]). 

The heterozygous states are usually symptomatic. In kindred with autosomal reces¬ 
sive inheritance, the patients are homozygotes or compound heterozygotes of mis¬ 
sense mutations (e. g., band 3 Fukuoka [11]). Under these conditions, their parents 
are asymptomatic as heterozygotes. 

Typical missense mutations (see Section 10.4.2) are band 3 Montefiore (E40K), 
band 3 Capetown (E90K), band 3 Fukuoka (G130R), band 3 Mondego (P147S), 
band 3 Boston (A285D), band 3 Tuscaloosa (P327R), band 3 Benesov (G455E), 
band 3 Yamagata (G455R), band 3 Coimbra (V488M), band 3 Bicetre I (R490C), 
band 3 Dresden (R518C), band 3 Most (L707P), band 3 Okinawa (G714R), band 
3 Prague II (R760Q), band 3 Kumamoto (R760Q), band 3 Hradec Kralove 
(R760W), band 3 Tochigi I (R760W), band 3 Chur (G771D), band 3 Napoli II 
(I783N), band 3 Jablonec (R808C), band 3 Nara (R808H), band 3 Birmingham 
(H834P), band 3 Nagoya (T837R), band 3 Philadelphia (T837M), band 3 Tokyo 


BOO 


75.7 Bard 3 


(T837A), and band 3 Prague III (R870W). Frameshift and nonsense mutations are 
band 3 Foggia (163 del C in codon 55), band 3 Kagoshima (167 del A in codon 56), 
band 3 Hodouin (W81X), band 3 Bohain (241 del T in codon 81), band 3 Napoli I 
(298—299 ins T in codon 100), band 3 Fukuyama I (336—337 del AG or GA in 
codon 112—113), band 3 Osnabriick I (R150X), band 3 Lyon (R150X), band 3 Wil¬ 
son (515 del G in codon 172), band 3 Worchester (515—516 ins G in codon 172), 
band 3 Fukuyama II (GAT—>GAAT: ins A in codon 183), band 3 Princeton 
(823—824 ins C in codon 275), band 3 Okayama (lnt del C in codon 276), band 
3 Noiterre (Q330X), band 3 Bruggen (1255 del C in codon 419), band 3 Bicetre 
II (1366 del G in codon 456), band 3 Evry (1486 del T in codon 496), band 3 Milano 
(1498—1499 ins 69nt in codon 500), band 3 Chiba (lnt del —C in codon 526 or 
527), band 3 Smichov (1848 del C in codon 616), band 3 Trutnov (Y628X), band 
3 Hobart (1940 del G in codon 647), band 3 Osnabriick II (M664 del), band 3 Pra¬ 
gue I (2464—2465 ins lOnt in codon 822), and band 3 Vesuvio (2682 del C in codon 
894). Abnormal splicing mutations are band 3 Neapolis (2nt after exon 2 T—»C), 
band 3 Nachod (3nt before exon 6 C—>A in codon 117), band 3 Campinas (694 + 

I G—>T in codon 204), band 3 Pribram (1431 + 1 G—>A in codon 478), and band 
3 Tochigi II (2058-5 del A in codon 760). 

Among these mutations, conserved arginine residues in band 3 are frequent 
sites of mutations [12]; such as arginines in codon 150 (two mutations: band 3 Os- 
nabruck I, and band 3 Lyon), 490 (band 3 Bicetre I), 518 (band 3 Dresden), 760 
(four mutations: band 3 Prague II, band 3 Kumamoto, band 3 Hradec Kralove 
and band 3 Tochigi I), 808 (two mutations: band 3 Jablonec, and band 3 Nara), 
and 870 (band 3 Prague III). These highly conserved residues are located mostly 
at the internal boundaries of transmembrane segments and substitution appears 
to interfere with co-translational insertion of a band 3 molecule into the mem¬ 
branes of the endoplasmic reticulum during synthesis of band 3. On some occa¬ 
sions, the mutated band 3 protein can be missing in the membrane in spite of 
the fact that mRNAs for both alleles are expressed, probably because the mutated 
protein exhibits a functional defect in its insertion into the membrane, or the mu¬ 
tated protein may be degraded due to its instability. 

Several interesting mutations of the band 3 gene are known. Band 3 Prague I 
[13] (2464—2465 ins 10 in codon 822) demonstrates a ten nucleotide duplication 
in the reading frame and an altered C-terminus after codon 821. This mutation 
affects the last transmembrane helix and may eliminate the carbonic anhydrase 

II binding site on the band 3 molecule, resulting in an impaired insertion of 
band 3 into the membrane and the loss of anion transport function. 

Mutations in the cytoplasmic domain of band 3, in which many binding sites are 
present for ankyrin, protein 4.2, hemoglobin, glyceraldehyde 3-phosphate dehydro¬ 
genase, and others, can produce a functional defect. A deletion of five amino acids 
from the ankyrin binding site is observed in band 3 Nachod [7] (3nt before exon 6 
C—»A in codon 117). A deficiency of protein 4.2 is observed in band 3 Fukuoka 
(G130R) [11], band 3 Montefiore [14] (E40K), and band 3 Tuscaloosa [15] (P327R), 
in which the cytoplasmic domains of band 3 are mutated. It is interesting to note 
that the proband of band 3 Fukuoka, who carry a rare homozygous missense muta- 
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tion of the band 3 gene, exhibit complete deficiency of protein 4.2 with a marked 
impairment of the binding capacity of band 3 to protein 4.2. The detailed studies 
are presented in the following section. The other unique case is the kindred with 
band 3 Okinawa [16], in whom four band 3 mutations were detected: allele Fukuoka 
(G130R) and allele Okinawa (K56E, P854L and G714R) in trans. In this proband, pro¬ 
tein 4.2 is totally missing, disproportionately to the moderately decreased band 3 
content. The mechanism of this arrangement will be discussed later in detail. 

Seven types of polymorphic mutations are also detected in 42 normal individuals 
and in 55 Japanese hereditary spherocytosis patients [17]. In addition to previously 
reported polymorphic mutations, band 3 Darmstadt (D38A in exon 4), band 3 
Memphis I (K56E in exon 4), a silent mutation [S438S in exon (12), and band 3 
Diego (P854L in exon 19], there are three new polymorphisms which have never 
before been reported, i. e.: (1) band 3 Okayama (E72D in exon 5), (2) substitution 
A—»G at the 87th nucleotide after the end of exon 7, and (3) the deletion of three 
nucleotides (GAG) at the 30—32 nucleotides before the start of exon 8. There are 
no differences in allele frequency of these polymorphic mutations of the band 3 
gene between the hereditary spherocytosis patients with pathognomonic band 3 
mutations (16 alleles) and those without these band 3 mutations (92 alleles). 

Band 3 defects are also observed in hereditary elliptocytosis, but only in South¬ 
east Asian ovalocytosis (SAO) [18, 19] (see Section 11.5 and Table 11.1). Two dis¬ 
tinct mutations are detected: (1) band 3 Memphis, which is a known polymorph¬ 
ism, and (2) deletion of amino acid residues 400 to 408 at the junction between 
the cytoplasmic and membrane domains. This deletion removes part of the first 
transmembrane a helix, which appears to serve as an internal signalling sequence, 
resulting in a disruption of the structure of the membrane domain of band 3. Band 
3 in the patients with Southeast Asian ovalocytosis is defective in anion transport. 

The affected red cells exhibit tremendously increased membrane rigidity. Band 3 in 
this disorder binds more ankyrin than normal, and tends to form linear aggregates 
in the membrane, which restrict rotational and lateral mobility of band 3 in the 
lipid bilayer in patient’s red cells. It has also been speculated that the deletion of 
band 3 at residues 400 to 408 in this disease makes the flexible section of the 
cytoplasmic domain just proximal to the membrane more rigid, which would 
tend to extend the cytoplasmic domain of band 3 and cause it to become entangled 
in the spectrin network. This entanglement would impede the movement of spec¬ 
trin chains when the membrane is stretched, leading to membrane rigidity. 

Band 3 defects are associated with an incomplete distal type of renal tubular 
acidosis (dRTA) [20] in two patients with hereditary spherocytosis (band 3 Pribram: 

1431 + 1 G—>A in codon 478), although most other patients with this disorder have 
no evidence of metabolic acidosis. Band 3 Campinas (694 + 1 G —> T in codon 204) 
in the patients with hereditary spherocytosis is accompanied by increased basal ur¬ 
inary bicarbonate excretion but efficient urinary acidification. In contrast, missense 
mutations at Arg589 of the band 3 gene (R589H) are observed in patients with 
dominant distal renal tubular acidosis but without red cell abnormality [21]. 
Other band 3 mutation (band 3 Coimbra: V488M) is also associated with dRTA 
[22]. In the other hand, band 3 missense mutations have also been found in the 
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patients with dRTA without red cell abnormalities [23, 24]. Thus, genotypic and 
phenotypic correlation on these mutations have not been elucidated precisely. 

Animal models of band 3 are known in a recessive form of hereditary spherocy¬ 
tosis in cattle [25] with moderate hemolytic anemia and complete deficiency of 
band 3, due to a nonsense mutation in codon 646. In some Japanese cattle, defec¬ 
tive anion transport, total deficiency of protein 4.2, and decreased intramembrane 
particles (IMPs) as detected by electron microscopy have been demonstrated. The 
details are given in the following section. 

Mice with defects in the band 3 gene [26, 27] are also known, which are gener¬ 
ated by targeted mutagenesis in embryonic stem cells. Mice are completely defi¬ 
cient in band 3 with undectable amounts of protein 4.2 and glycophorin A, and 
with a severe spherocytic hemolytic anemia. In the mice, however, the contents 
of spectrin, actin, and protein 4.1 in their red cell membrane skeletons are essen¬ 
tially normal [27]. A serious vesiculation from the red cells is observed, indicating 
that band 3 has a crucial function in stabilizing the membrane lipid bilayer. 

15 . 1.3 

Total Deficiency of Band 3 

Severe hemolytic anemia was found in nine newborn Japanese black calves [25] 
(PI—P9, three females and six males) in Yamagata Prefecture, Japan. The calves 
were weak and small (18—25 kg birth weight; normally 25—30 kg) and unable to 
stand or suckle by themselves at birth. They showed labored breathing, palpita¬ 
tions, pale and/or icteric visible mucosal membranes with increased indirect bili¬ 
rubin concentrations (2.0—6.0 mg dIA 1 ), and splenomegaly in all cases. Hematolo¬ 
gical examination revealed severe intravascular hemolysis with significant de¬ 
creases in hematocrit (Hct) values of 10—18%. All calves showed typical micro¬ 
spherocytosis (Fig. 15.1) with remarkably increased osmotic fragility exhibiting 
—80% hemolysis even with 0.85% NaCl solution. 

The proband and three affected animals survived to adulthood after 2—6 days of 
conservative medication, although their growth was retarded with marked jaundice 
and splenomegaly. The dams and siblings showed no clinical symptoms, including 
anemia and growth retardation. However, blood examination revealed the presence 
of spherocytes in peripheral blood from the dams and some siblings, although the 
proportions of the spheric cells were as low as 2—5 %. Slightly increased osmotic 
fragility was observed for their red cells, particularly when examined at 24 h 
after blood collection. The inheritance appeared to be in an autosomal incompletely 
dominant mode, although the blood of sires was not available. 

It should be noted that four of the nine affected animals with the total lack of 
band 3 survived to and thrived in adulthood (1—4 years), whereas most of the 
others with severe clinical symptoms died or were killed within 10 days after 
birth. The low viability during this period would intrinsically be due to severe he¬ 
molysis, which also occurred and subsequently disappeared in the surviving cases. 
Thus, some physiological factors characteristic to neonatal calves would affect the 
magnitude of hemolysis and survival of the animals. Factors such as genetic back- 
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Figure 15.1 Scanning electron micrograph of bovine red cells with complete band 3 deficiency. A 
marked microspherocytosis with striking budding formation on the cell surface is observed in 
complete band 3 deficiency (right) as compared with discocytes in normal bovine red cells (left). 


ground and animal husbandry, including supportive medical care at birth, also 
could contribute to differences in survival. It is therefore suggested that, once new¬ 
born calves survive the neonatal stage, the homozygous state of band 3 deficiency 
is compatible with life. 

The proband showed severe Coombs negative hemolytic anemia (Hct = 13 %) at 
birth, but exhibited no clinical manifestations since one month after its birth, ex¬ 
cept for uncompensated anemia, and retarded growth. The body weight of the pro¬ 
band at 2 years of age was 250 kg, only —50% that of normal Japanese black cattle 
of corresponding age. The red cell morphology of the proband resembled that of 
spherocytosis and anisocytosis with an elevated mean corpuscular volume and a 
slightly diminished mean corpuscular hemoglobin concentration. The cells con¬ 
stantly showed considerably increased osmotic fragility with 50% hemolysis at 
—0.75 % NaCl while the normal range was 0.48—0.55 % NaCl. 

Scanning electron microscopic analysis of bovine blood demonstrated that the red 
cells of the proband greatly varied in size, being principally spherocytic and stomato- 
cytic with numerous small globules on their cell surface (Fig. 15.1), whereas normal 
cells exhibited a uniform size and biconcave disk shape. The numerous globules ob¬ 
served on the proband red cells were removed by washing the cells with phosphate- 
buffered saline at room temperature without noticeable hemolysis. The resultant sto- 
matocytic spherocytes had irregular contours with a small number of protrusions. 

The red cell membrane proteins of the proband showed a lack of the band 3 pro¬ 
tein (Fig. 15.2). No polypeptides were immunospecifically detected in the red cell 
membranes from the proband. The electrophoretic profiles of the red cell mem¬ 
branes also revealed an apparent deficiency of protein 4.2 and considerable de¬ 
creases in other major components such as spectrin, actin, and glyceraldehydes 
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Figure 15.2 Profiles of membrane proteins on 
sodium dodecylsulfate polyacrylamide gel elec¬ 
trophoresis in bovine red cells with complete 
band 3 deficiency. Band 3 is totally lacking in 
the affected cattle (P) as compared with that in 


normal controls (C). It should be noted that 
ankyrin and protein 4.2 are also totally lacking 
with a significant decrease of spectrin, actin, 
and glyceraldehyde 3-phosphate dehydrogenase 
(band 6) in the proband. 


3-phosphate dehydrogenase (band 6) in the proband. The content of membrane 
proteins in the proband red cell appeared to be as low as 60 % that of the normal 
cell. Immunoblotting analysis demonstrated a very low content or a nearly complete 
lack of protein 4.2 in red cell membranes of the proband. Moreover, there was a re¬ 
duction in the ankyrin content in the proband cells by at least 50 % compared with 
that in normal cells. Densitometric scanning of the separated proteins showed that, 
in the proband red cells, spectrin (-fankyrin) and actin levels were 26 and 44 %, re¬ 
spectively, whereas protein 4.1 and gpl55 related polypeptides were 87 and 78%, 
respectively, of those in normal cells. A 66 kDa protein, comprising —10% of the 
total proteins, was found only in the sick animal and was proved by immunoblot¬ 
ting to be bovine albumin. The affected animals lacked the kidney protein, which 
is antigenically related to band 3, as in the erythroid cells from the bone marrow. 

Markedly reduced numbers of intramembrane particles (IMPs) were observed on 
electron microscopy (EM) by the freeze fracture method (see Section 3.2.3) (Fig. 
15.3). The numbers, sizes, and distribution patterns of the IMPs in normal controls 
appeared to be perfectly intact. In the proband, the number of IMPs was decreased 
by —70 % (1856 + 226 gnT 2 ) compared with that of normal cattle (5373 ± 292 gnT 2 ) 
in which band 3 is a major constituent of the IMPs. Therefore, the IMPs present in 
the protoplasmic face in the sick animal appeared to be some intramembrane com¬ 
ponents rather than band 3, i. e., various glycoproteins, such as gpl55, glycophorins. 

Sequencing analysis of a portion of these PCR-amplified fragments showed a 
C—>T substitution in the proband cDNA, resulting in a nonsense mutation 
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Figure 15.3 Markedly reduced number of IMPs method. The number of IMPs was significantly 
accompanying bovine red cell band 3 deficiency reduced in the proband red cells (b) by up to 70%, 
by electron microscopy with the freeze fracture as compared with normal bovine red cells (a). 


(CGA—»TGA; Arg—»stop) at the position corresponding to amino acid 646 in 
human band 3 cDNA and in their genomic DNA. This mutation localizes in the 
extracellular face between membrane spans 7 and 8 of red cell band 3 protein ac¬ 
cording to the secondary structure prediction. However, the mutant protein, which 
was expected to be 70—80 kDa, was not detected by immunoblotting even in bone 
marrow cells rich in erythroid precursor cells. This may suggest that the total band 
3 deficiency is caused by a rapid and complete loss of the mutant band 3 from the 
membrane after its synthesis or by a defective contranslational insertion of the mu¬ 
tant protein into the endoplasmic reticulum membrane. 

In the proband red cells, CD exchange was observed with a single rate constant 
of 0.0164. Whereas Cl~ exchange in normal bovine red cells was inhibited by 10 pM 
DIDS to a rate constant of 0.0064, no significant effect of DIDS was observed for 
the CD exchange in the proband. Therefore, the flux rate of CD in the band 3 defi¬ 
cient cells was very slow compared with that in the control cells, in which CD 
transport via band 3 was inhibited by DIDS. The proband red cells completely 
lacked rapid anion exchange, the function of band 3 protein, and the defective 
CD/HCO 3 exchange in these cells was uncompensated for and limited to a rather 
low level. These results indicated the existence of a system that could compensate 
for the anion exchange function of band 3 to some extent. 

In the proband, both arterial and venous blood showed a decrease in the HCO 3 
concentration to ~75 % of that in control cattle. Moreover, the proband blood 
showed a significantly decreased pH value compared with the normal blood 
(—0.15 pH units), demonstrating that the lowered HCOf level due to the defective 
anion exchange in the red cells caused mild but chronic acidosis. Although the 
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total C0 2 content in the proband blood was rather less than that in normal blood, 
p0 2 , pC0 2 , and 0 2 saturation values were normal. In the lungs of the affected 
animal, 0 2 /C0 2 exchange was achieved as effectively as in normal cattle. 

The membrane skeletal network in normal red cells appeared to be arranged in a 
cobblestone pattern in an essentially orderly fashion and was composed of multiple 
smaller basic units connected to each other. Electron microscopic studies revealed 
that the basic membrane skeletal units were reasonably well extended with thinner, 
evenly stretched fiber filaments with well-organized junctional units. In normal 
subjects, the size of the units was 54 ± 14 nm (mean ± SD) on the longer axis 
and 23 + 5 nm on the shorter axis. The membrane skeletal units were basically 
composed of thinner filaments in a folded conformation. These filaments were 
48 + 9 nm long and 7+1 nm wide. Knob-like structures, which were attached 
to the longer, thinner filaments, were also observed. These filaments of the intact 
membrane skeleton were demonstrated in multistereotactic dimensions by EM 
using the QFDE method (see Section 3.2.2.2). 

The basic membrane skeletal units in the proband red cells varied in size and 
were mostly distorted (Fig. 15.4). All of the fibrous filaments appeared to lose 
their interconnection with other filaments. Thus, the structure of the whole red 
cell membrane was clearly disorganized. The continuous three-dimensional net¬ 
work of fine filaments and small globules that had been observed in the normal 
control was totally disrupted by filaments of uneven length and width and a reduc¬ 
tion in the number of intersections. The alignment of the network was disorderly. 



Figure 15.4 Disrupted membrane skeletal net- deficiency were totally disrupted and distorted 
work in the proband red cells. Red cell ghosts with filaments of uneven length and width (P) 
were examined by electron microscopy with the as compared with the well-organized normal 
quick-freeze deep-etching method. The mem- red cells (C). 
brane skeletons in the proband with band 3 
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Figure 15.5 Distinct exocytosis- and endocyto- 
sis-like protrusions and projections in the pro¬ 
band red cells. Transmission electron micro¬ 
graph indicates globule-like inclusions in the 
cytoplasm, in which serum albumin was de¬ 


tected by immunoelectron microscopy with 
anti-albumin antibody. A striking protrusion was 
detected from or along the cell surface. These 
observations suggest the presence of invagina¬ 
tion or endocytosis. 


EM using the surface replica method (see Section 3.2.2.3) demonstrated essentially 
the same results as those obtained by the QFDE method. 

The proband red cells in the whole blood tended to lyse quickly if stored at 4 °C 
even in the presence of plasma, compared with normal cells. At 4 °C, the proband 
red cells demonstrated a characteristic pseudo-pod like formation as confirmed by 
EM with negative staining (see Section 3.2.2.1). 

Transmission EM studies revealed that the proband red cells from whole blood 
had many small rod-like or globule-like protrusions and projections on or along 
the surface of these cells (Fig. 15.5), representing the vesiculation of small globules 
observed on these cells by scanning EM. Within these relatively larger projection 
(—0.5 pm in diameter), fine ultrastructures, which appeared to resemble the mem¬ 
brane structure, were detected. Extrusion of these microvesicles (—0.1 pm in dia¬ 
meter), as in exocytosis, was also observed. Vesicle-like structures were also present 
in the cytoplasm, which contained some amorphous or membrane-like ultrastruc¬ 
tures, indicating that invagination or endocytosis had occurred (Fig. 15.5). These ve¬ 
sicles inside the cytoplasm contained bovine albumin, a plasma protein, which was 
occluded in them but not bound to the membrane. These observations suggested 
that fragmentation of the membrane occurred in the proband red cells in several 
distinct ways, such as invagination, vesiculation, and extrusion of microvesicles. 

The fragmented vesicles were obtained as sediment after low-speed centrifuga¬ 
tion of a hypotonic lysate of the proband red cells. The membrane protein profile 
in the vesicles was nearly identical to that of the original whole red cell ghosts. 
Therefore, a- and (3-spectrins were clearly detected within the vesicle fraction on 
the immunoblot. 

The most characteristic feature of the band 3 deficient cells was marked spher¬ 
ocytosis associated with fragmentation of the membrane as evidenced in a series of 
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electron microscopic studies. Disruption of the membrane skeletal network, di¬ 
rectly proved by the QFDE method, corresponded well with the reduction of the 
membrane skeletal proteins and appeared to be the principal cause for membrane 
instability leading to the loss of the membrane. It is most likely that the reduction 
of membrane skeletal proteins was primarily due to the total lack of band 3 as their 
direct or indirect acceptor when these proteins were synthesized and assembled 
into the membrane. This is because the synthesis of band 3 only requires the 
membranous structure to be inserted, whereas the incorporation into the mem¬ 
brane of other skeletal proteins is regulated by the integral membrane proteins 
for their acceptors. That is, the absence of band 3 would cause a deficiency of an- 
kyrin, which participates in the stable assembly of the spectrin heterodimer into 
the membrane through band 3—ankyrin—spectrin linkage in coordination with 
the function of glycophorin—protein 4.1—spectrin association. Hence, the spec¬ 
trin—actin complex in the membrane would be decreased. Protein 4.2, which 
was virtually missing in the band 3-deficient cells, requires specific acceptors, 
such as band 3, to be assembled into the red cell membrane even if its synthesis 
is normal, as shown by recent studies on protein 4.2 deficiency secondary to band 3 
anomalies [11, 16]. Therefore, the loss of the network organization resulting in the 
marked instability of the membrane was due to the total lack of the band 3 protein 
followed by striking reductions of spectrin, actin, ankyrin, and protein 4.2, and a 
consequent decrease in density of the network. 

Another explanation for the network disorganization is an aberrant defect in the 
association of the membrane skeleton with the lipid bilayer through the band 
3—ankyrin—spectrin linkage itself, which is suggested to be essential to the me¬ 
chanical stability of the membrane. This is consistent with several hypothetical 
pathways for the surface area loss in hereditary spherocytosis proposed by Lux 
and Palek according to the criteria that all putative pathways share defective vertical 
connections between the skeleton and the lipid bilayer [28]. However, these find¬ 
ings showed that vesicles released or fragmented from the original red cells con¬ 
tained various membrane proteins, including spectrin, probably because of disor¬ 
ganization of the horizontal interconnection of spectrin molecules as suggested 
by EM with the QFDE method. This is incompatible with the observation that in 
spherocyte formation primarily due to partial deficiency of spectrin, ankyrin, or 
band 3, membrane loss occurs via a release of lipid vesicles (-—0.2—0.5 pm in dia¬ 
meter) that contain band 3 but are devoid of spectrin. Thus, although it is still un¬ 
clear whether a population of the vesicles fragmented from the proband red cells is 
free of spectrin, total deficiency of band 3 appears to lead to disorganization of both 
vertical and horizontal interconnections of membrane proteins, resulting in strik¬ 
ing instability of the membrane. Some additional processes were also observed in 
the proband red cells, involving endocytic invagination and exocytic extrusion of 
microvesicles of —0.1 pm in diameter. These phenomena appear to be similar to 
the formation and the release of exosomes found in various mammalian reticulo¬ 
cytes. Marked instability of the membrane due to total deficiency of band 3 may 
lead to spherocyte formation in several distinct ways, including invagination, vesi- 
culation, and extrusion of microvesicles. 
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15.1.4 

Homozygous Missense Mutation: Band 3 Fukuoka 

Many B3 mutations have been reported in patients with hereditary spherocytosis 
(HS) (Table 10.1. II). 

Among these mutations, frameshift mutations and nonsense mutations have 
been found mainly in HS patients with autosomal dominant (AD) inheritance 
(see Section 10.3). Missense mutations, on the other hand, have also been reported 
in HS patients with autosomal recessive (AR) transmission or with so-called 
“sporadic” occurrence, in which the mode of inheritance has not been clarified. 
Evaluation of such missense mutations would appear to be difficult with regard 
to the pathogenesis of HS itself, especially in a heterozygous state, in which an un¬ 
affected allele is clearly present in the patient in addition to a mutated allele. 
Therefore, the homozygous state is crucial to clarifying the significance of such 
missense mutations. Such a pathological condition is extremely rare, however. 

To date, only three definite cases have been reported: (1) band 3 Coimbra 
[22, 29], which has a mutation of V488M in the membrane domain of the band 
3 gene, (2) the homozygous HS patient with a missense mutation in a cyto¬ 
plasmic domain of the band 3 gene (codon 130 GGA—>AGA: Gly—»Arg in exon 
6: B3 Fukuoka) [11], and (3) the homozygous HS patient with splicing mutation 
at position +2 in the donor splice site of intron 2 of the AE1 gene (band 3 
Neapolis) [30]. 

Therefore, the phenotypic expressions in this homozygous proband have been 
studied in order to evaluate the significant contribution of this missense mutation 
to the pathogenesis of HS. 

The proband (a 29 year old Japanese male) has suffered from compensated he¬ 
molysis (red cell count 4.21 X 10 12 L -1 , hemoglobin 13.6 g dlT 1 , hematocrit 40.2 %, 

MCV 96.5 fL, MCH 32.3 pg, MCHC 33.8 g dlT 1 , increased indirect bilirubin 
44 (imol IT 1 , reticulocytosis 278 X 10 9 IT 1 , and increased osmotic fragility) since 
birth. The red cell morphology with microspherocytosis (Fig. 15.6) was compatible 
with hereditary spherocytosis. This patient has not been splenectomized, and blood 
transfusion has not been required. His parents demonstrated normal clinical he¬ 
matological findings with normal red cell morphology. The patient has no brothers 
or sisters. 

Band 3 in the proband demonstrated a 9.3 % reduction, compared with normal 
subjects. Quantitation of band 3 by cytofluorimetry of red cells labelled with eosin- 
5 -maleimide confirmed this result. The ratio of band 3 tetramer to band 3 dimer 
was 25.6% in the proband compared with 24.4% in a normal subject, when high- 
performance liquid chromatography was performed. The content of protein 4.2 
(P4.2) was substantially reduced in the proband (45.0% of that of in normal sub¬ 
jects). It is also noteworthy that, in addition to the 72 kDa peptide (a wild type of 
P4.2), a trace amount of the 68 kDa peptide was detected in the proband by Wes¬ 
tern blotting with anti-human P4.2 rabbit polyclonal antibody, when an excessive 
amount (50 pg per line) of membrane proteins was loaded. The 74 kDa peptide 
was not detected in the proband. In the proband, membrane, proteins other 
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Figure 15.6 Scanning electron micrographs of 
peripheral red cells of a family with hereditary 
spherocytosis with partial deficiency of protein 
4.2 (band 3 Fukuoka). A clear microspherocy- 


Proband (son) 



tosis was observed in proband (son). His par¬ 
ents (father and mother) demonstrated nearly 
normal red cell morphology, as compared with 
normal subjects. 


than band 3 and P4.2 showed no abnormalities. No significant abnormalities were 
observed in his parents. 

SSCP analysis of the entire coding region of band 3 cDNA [from the nucleotide 
(nt) —148 to nt 2815] demonstrated one point mutation with a G—»A transition 
(GGA—»AGA) at nt 388 intoducing arginine (Arg) in place of glycine (Gly) at 
codon 130 in exon 6. This was designated as allele band 3 Fukuoka. The proband 
was the homozygote for this mutation, whereas his parents were heterozygotes. 

For binding studies of the proband’s IOVs to normal protein 4.2, pH 11 stripped 
IOVs were prepared from normal red cells and those of the proband. A rebinding 
assay of pH 11 stripped vesicles was reproducibly performed with normal protein 
4.2 on three independent occasions. The extent of the rebinding of the proband’s 
IOVs to the normal protein 4.2 was markedly reduced, compared with that of nor¬ 
mal subjects. Scatchard plots indicated the average rebinding capacity in the pro¬ 
band was 207 pg of P4.2 per mg of vesicle proteins versus 295 pg in a normal sub¬ 
ject. Therefore the rebinding capacity of the mutated band 3 Fukuoka to normal 
protein 4.2 appeared to be reduced to approximately 70% of the normal band 3. 

Intact red cells were subjected to electron microscopy (EM) using the freeze frac¬ 
ture method (Fig. 15.7). The number of IMPs was 4740 ± 125 pm~ 2 in the proband 
compared with 5275 ± 329 in normal subjects. The size distribution of the IMPs in 













15 Abnormalities of Integral Proteins and Blood Croup Antigens | 311 

-Normal Prob and 



Figure 15.7 Electron micrographs of red cell membrane examined by the freeze fracture method. 
In the proband (right), the number of intramembrane particles was slightly diminished (—10.2 %) 
with respect to the normal size distribution, compared with normal subjects (left). 


the proband was 67 ± 8% of small size (4—8 nm; normal 71 ± 8%), 31 ± 4% of 
medium size (9—20 nm; normal 27 ± 3%) and 2+1% of large size (>21 nm; 
normal 2 ± 1%). Therefore no significant changes in IMPs were observed in 
the proband except for a slight reduction in number (89.8 % of those in normal 
subjects). 

Red cell membrane ghosts were subjected to EM using the QFDE method (Fig. 
15.8). In normal subjects, a fairly uniform distrubution of filamentous structures 
and also uniformity of apparent branchpoints of the filamentous elements in an 
essentially orderly fashion were observed. The skeletal network in the normal sub¬ 
jects showed numerous basic units, resembling “cages”, the number of which was 
548 ± 39 guT 2 . In the proband, the number of basic skeletal units was 484 ± 
10 gm~ 2 (88.3 ± 1.8% of normal) with 68 ± 12% of those of basic small size 
(20—44 nm as determined by the interdistance of the longer axis of each structure; 
normal 70 ± 10%), 27 ± 6% of medium size (45—68 nm; normal 25 ± 6%), and 
5 ± 3 % of large size (69—92 nm; normal 5 ± 1 %). Therefore the skeletal network 
in situ was almost normally maintained in the proband. 

This homozygous patient with HS associated with a missense mutation (codon 
130 GGA—>AGA: Gly—»Arg in exon 6: band 3 Fukuoka) demonstrated compen¬ 
sated hemolysis with disproportionately decreased (—55 %) protein 4.2, compared 
with a mild reduction (—9.3%) of band 3. The pathogenesis is most probably due 
to an impaired binding capacity of the mutated band 3 protein to normal protein 
4.2 as shown in band 3 Tuscaloosa and band 3 Montefiore, in which the inheri¬ 
tance pattern appears to be autosomal recessive. Patients are expected to demon¬ 
strate clinical hazards only in the homozygous state, which has not been well docu¬ 
mented. In this proband, codon 130 appears to be one of the hot spots as a binding 
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Figure 15.8 Electron micrographs of red cell membrane examined by the quick-freeze deep¬ 
etching method. The number of basic units of the skeletal network was only minimally reduced 
(—11.7%) with respect to the normal size distribution in the proband. 


site to protein 4.2. Regarding the mutation (G130R) found in this proband, highly 
conserved glycine at segment 7 was replaced by arginine, which is positively 
charged. Therefore this mutation is truly pathognomonic in a homozygous state, 
but probably not in a heterozygous state, because normal hematology and protein 
chemistry were demonstrated in his heterozygous parents. 

Although the exact role of P4.2 in the red cells has not been elucidated, many 
reports have recently been published regarding complete P4.2 deficiencies. The 
most striking phenotypic feature of the complete P4.2 deficiencies is the tremen¬ 
dous abnormalities in IMPs [31], that is, the decreased number, but markedly in¬ 
creased size, of IMPs. In addition, a marked disruption of the skeletal network in 
situ has been observed in complete P4.2 deficencies. These findings appear to in¬ 
dicate that P4.2 controls the biophysical state of both band 3 and the skeletal net¬ 
work, which should be tightly linked to IMPs. Therefore, in the total absence of 
P4.2, serious derangements of red cell membranes in situ have been observed, 
not only in the integral proteins vertically, but also in the skeletal proteins horizon¬ 
tally. 

The question then arises as to what extent protein 4.2 deficiency may cause ser¬ 
ious damage to the red cell membrane structure. To try to answer this question, the 
homozygous proband with a substantial (—55 %) deficiency of P4.2, which resulted 
from a band 3 mutation (G130R: GGA—»AGA) was investigated electron microsco¬ 
pically. 

First of all, the number of IMPs was only minimally diminished (roughly 
—10%), and the size distribution was almost identical to that of normal subjects. 
The distribution of IMPs on the membrane plane was also nearly normally main¬ 
tained. On SDS-PAGE gels, the amount of band 3, which is a major component 
(approximately 80%) of IMPs, was only decreased by approximately 10%, even 
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though the patient was homozygous for the band 3 mutation (G130R). On EM, the 
mutated band 3 protein itself appeared to behave almost normally on the P face of 
the red cell membrane. 

The skeletal network was also examined by EM to determine whether the net¬ 
work might be deranged by the decreased protein 4.2 content. The number of 
basic skeletal units, however, was near-normal (484 ± 10 guT 2 ; normal 548 ± 

39). The size distribution of these skeletal units was also unaffected, and consisted 
mostly of units of small size (68 ± 12%, normal 70 ± 10). Therefore even de¬ 
creased (to approximately 45 % of normal subjects) protein 4.2 appeared to be suf¬ 
ficient to maintain the normal structure of the skeletal network. 

Although this patient was a homozygote of the G130R mutation of the band 3 
gene, increased hemolysis was reasonably compensated for with normal red cell 
counts and minimal changes in red cell morphology. Neither blood transfusion 
nor splenectomy was required, contrary to the serious clinical pictures and striking 
abnormalities in red cell membrane structure in the total absence of P4.2. 

In summary, a partial deficiency of P4.2, if the level of deficiency was within ap¬ 
proximately 45 % of normal, does not appear to be critical for maintaining the nor¬ 
mal integrity of red cell membrane structure in situ, both in the integral membrane 
components and also in the skeletal network. Therefore the state of P4.2 appears to 
play a critical role in determining the whole picture of red cell membrane abnorm¬ 
alities. 

15.1.5 

Total Deficiency of Protein 4.2 Due to the Band 3 Gene Mutations: Band 3 Okinawa 

These interesting band 3 mutations were observed in two related HS patients (Fig. 

15.9) [16]. The mother displayed mild HS associated with band 3 deficiency. She 
carried a novel band 3 allele, allele Okinawa, characterized by the substitution of 
a single amino acid (G714R) in a conserved position of TM9 and occurring on a 
Memphis II allele. This mutation specifically caused HS. The daughter had a 
more severe HS associated with a greater reduction of band 3 and a total absence 
of protein 4.2. She was a compound heterozygote for allele Okinawa and allele Fu¬ 
kuoka (G130R), which is known to impede the binding of protein 4.2 to band 3. In 
the heterozygous state, allele Fukuoka shows no symptoms and presents with a 
normal content in band 3. 

The two related family members, a mother (unsplenectomized) and her daugh¬ 
ter (splenectomized), originated from the Island of Okinawa, Japan. The unsple¬ 
nectomized mother (born in 1939) had the following red cell indices: red cell 
3.16 X 10 12 L \ Hb 11.0 g dL \ Hct 30.5%, MCV 96.3 fL, MCHC 36.1 g dL _1 , re¬ 
ticulocytes 220 X 10 9 L _1 , indirect bilirubin 16 gmol L 1 . Prior to splenectomy, the 
daughter (born in 1967) was transfusion-dependent (average 400—600 mL per 
year). After splenectomy with cholecystectomy in 1980, her clinical condition im¬ 
proved, and blood transfusions were no longer required, but her red cell indices 
did not normalize, e. g., RBC 3.43 X 10 12 L _1 , Hb 11.4 g dL~\ Hct 30.8%, MCV 
89.8 fL, MCHC 37.0 g dL~\ reticulocytes 65 X 10 9 L \ indirect bilirubin 
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Prohand 


Mother 



4 nmol IT 1 . Scanning electron microscopy showed fewer abnormal cells in the 
splenectomized daughter than in the unsplenectomized mother with a marked re- 
ticulocytosis, as is often observed in HS patients after splenectomy. Based on Blood 
Bank standard serological procedures, the Diego blood type was identified as Di 
(a~b + ) in the mother and the daughter. 

The father was reported as clinically normal in an earlier study with the following 
red cell indices: red cell 4.50 X 10 12 IT 1 , Hb 14.3 g dlT 1 , Hct 43.6%, MCV 96.9 fL, 
MCHC 32.8 g dlT 1 , reticulocytes 95 X 10 9 IT 1 , indirect bilirubin 4 gmol IT 1 . This 
was in good agreement with our recent observation of another heterozygote for 
allele band 3 Fukuoka. The father is no longer available for further study. 

Band 3 disclosed a reduction which was less pronounced in the mother than in 
the daughter (Fig. 15.10). In the mother, protein 4.2 was decreased roughly in the 
same proportion as band 3. Protein 4.2 was almost completely lacking in the 
daughter in whom only traces of 72, 68 and 66 kDa fragments could be seen by 
Western blot. The migration and levels of spectrin, ankyrin, protein 4.1, and 
actin were normal. Analyses of band 3 copies by cytofluorimetry with eosine-5-mal- 
eimide in the daughter showed 49.8 ± 0.3% compared with 100% in a normal 
control. The protein phenotype of the father was normal. 

The red cell membranes of the daughter and the mother, following proteolytic treat¬ 
ment with trypsin (200:1, w/w), exhibited only the 22 kDa fragment of band 3. This 
observation clearly indicated that the Memphis I polymorphism was not expressed at 
the protein level. These findings were confirmed with anti-band 3 antibody. 

SSCP analysis of the coding region of band 3 cDNA was performed in the daugh¬ 
ter. Two mutations were detected, that is, the Memphis I polymorphism (K56E) 
and mutation Fukuoka (G130R), in trans to one another. A third mutation was de¬ 
tected as the Memphis II polymorphism (P854L). 





A) Coomassie blue stain B) Immunoblots C) Band 3 cleavage studies 

(Protein 4.2) with trypsin 
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nearly total deficiency of protein 4.2. B, Immunoblots with polyclonal anti-pro- C’: control with a band 3 Memphis I polymorphism in the heterozygous state, 
tein 4.2 antibodies. Protein 4.2 is virtually missing with the presence of protein M: mother, and D: daughter (proband). 
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Unlike previously reported cases, however, band 3 Memphis II was not incorpo¬ 
rated into the membrane as proved by the absence of the Di a blood group antigen 
and the normal digestion pattern of band 3. In the daughter, the fourth mutation 
G714R, GGG—>AGG was detected in Memphis II cDNA. This variant of band 3 
Memphis II is referred to as band 3 Okinawa. 

At the gene level, the various mutations carried by allele Okinawa were con¬ 
firmed, based on (i) Memphis I polymorphism (exon 4), and (ii) the presence of 
mutations G714R (exon 17) and P854L (exon 19) by SSCP and nucleotide sequenc¬ 
ing. Likewise, SSCP and nucleotide sequencing confirmed the presence of muta¬ 
tion band 3 Fukuoka, G130R (exon 6) on the other allele. Mother and daughter 
shared the same three mutations on allele Okinawa. In addition, the daughter 
also carried allele Fukuoka. 

Finally, the coding region of protein 4.2 cDNA and the 180 nt sequence upstream 
from the ATG initiation codon were normal. 

The mother presented with mild HS associated with band 3 deficiency and a sec¬ 
ondary decrease in protein 4.2. The band 3 HS mutation (G714R) appeared on a 
Memphis II polymorphic allele. Band 3 Okinawa was absent in the red cell mem¬ 
branes of both daughter and mother as ascertained by tryptic digestion and Diego 
blood group typing. The G714R mutation alters a highly conserved position in 
TM9. The arginine residue introduced a positive charge in a neutral amino acid 
stretch, which probably prevented band 3 Okinawa from being incorporated into 
the membranes. Other mutations of conserved amino acids pertaining to the mem¬ 
brane domain have been reported in association with HS and a partial deficiency of 
band 3. 

Paradoxically, homozygosity for allele Fukuoka allowed the presence of approxi¬ 
mately 55 % of protein 4.2 in the membrane. This suggested an important residual 
binding capacity of band 3 Fukuoka for protein 4.2. As a consequence, it was not 
expected that the Fukuoka/Okinawa compound heterozygosity would virtually pre¬ 
vent any binding of protein 4.2. In order to reconcile these contradictions, we put 
forward a hypothesis (Fig. 15.11). It takes into account the facts: (i) that band 3 is 
synthesized prior to protein 4.2 in erythroblasts, (ii) that an overwhelming excess of 
band 3 (approximately 1 200 000 copies per red cell) exists with respect to protein 
4.2 (about 200 000 copies per red cell), and (iii) that there is a large cytoplasmic 
domain to be synthesized before band 3 initiates its incorporation into the mem¬ 
brane. The cytoplasmic domain of band 3 Okinawa would completely override 
the cytoplasmic domain of band 3 Fukuoka, binding virtually all the protein 4.2. 
Subsequently, the band 3 Okinawa—protein 4.2 complex would not be admitted 
into the membrane (G714R mutation) and would be degraded. Band 3 Fukuoka 
would become incorporated only with traces of protein 4.2 and some degradation 
products. 

This series of events is reminiscent of that elicited by allele a LELY , a low expres¬ 
sion variant of the spectrin a-gene (see Section 11.3). The a LELY chains have a nor¬ 
mal self-association site, but hardly bind their (S-chain partners due to a lack of six 
amino acids in their nucleation site at the C-terminal region of the a-chain. As a 
result, the unbound a LELY chains are thus mostly degraded, and the a LELY (3 dimers, 
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Proband (daughter) : allele Okinawa / allele Fukuoka compound mutations 
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Diego mutation 
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Memphis variant II: Memphis I + Diego mutation 


Figure 15.11 Schematic diagram of DNA analysis of the erythroid band 3 gene in hereditary 
spherocytosis (band 3 Okinawa) with protein 4.2 deficiency. 


if any, will subsequently self-associate poorly and will be degraded. The behaviour 
of the band 3 Fukuoka molecules echo that of the a LELY chains. 

It is known that band 3 Genas (see Section 11.3) appears to cause no symptoms 
or biological abnormalities except for a slight reduction of band 3 content. Allele 
Genas produced an additive effect to those of allele Lyon, which was responsible 
for common HS associated with band 3 deficiency. In particular, there was a 
more pronounced reduction of band 3 and protein 4.2, and the reductions were 
roughly proportional. It can be stated, therefore, that the protein phenotype in 
the compound heterozygous state arose from the sum of the phenotypes in each 
simple heterozygous state. Likewise, the Fukuoka/Okinawa combination led to 
an aggravated clinical presentation and an enhanced reduction of band 3. Quite 
dramatically, however, almost no protein 4.2 was detected in the daughter. Instead 
of a parallel reduction of band 3 and protein 4.2, band 3 was decreased and protein 
4.2 was unexpectedly absent. 

In conclusion, the compound heterozygosity for EPB3 alleles Okinawa and Fu¬ 
kuoka provide a striking example in which the protein changes are much more 
than the sum of the changes observed in the heterozygous state for each allele 
taken separately. 

Based on genetic and biochemical backgrounds as mentioned above, phenotypic 
expressions on the red cell membranes were examined by electron microscopy. A 
marked clustering of intramembrane particles was detected by electron microscopy 
with the freeze fracture method (Fig. 15.12), indicating the increased oligomeriza¬ 
tion of band 3 molecules in this proband. Concomitantly, the cytoskeletal network 
was significantly disrupted, as evidenced by electron microscopy with the quick- 
freeze deep-etching method (Fig. 15.13), implying the instability of the cytoskeletal 
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Figure 15.12 Electron micrographs with the 
freeze fracture method in the red cell membranes 
of band 3 Okinawa, a: Normal subjects, b: pro¬ 
band (daughter), and c: her mother. IMPs in the 
inside-out vesicles (lOVs) in normal subjects (d) 
and in band 3 Okinawa (e). 


network. These observations on the ultrastructure of red cell membranes in situ in 
the proband appear to be basically due to a total deficiency of protein 4.2 in addi¬ 
tion to the band 3 abnormality which is the principle pathogenesis in this patient. 
The biophysical examination of the red cell membranes in the proband by the 
fluorescence recovery after the photobleaching method (Fig. 15.14) demonstrated 
exactly the same observations as seen in the total deficiency of protein 4.2, 
which will be discussed in Section 16.2 (Fig. 16.10). 






75 Abnormalities of Integral Proteins and Blood Group Antigens 


319 


Figure 15.13 Deranged cytoskeletal net¬ 
works in the patients with band 3 Okinawa 
examined by electron microscopy with the 
quick-freeze deep-etching method, a: Nor¬ 
mal subjects, b: proband (daughter), and c: 
her mother. 
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Time after photo bleaching (second) 

Figure 15.14 Marked increase of a mobile fraction of band 3 molecules with much slower re¬ 
covery in band 3 Okinawa with the protein 4.2 deficiency studied by fluorescence recovery after 
the photobleaching method. A shaded area denotes a normal range. 


15.1.6 

Partial Deficiency of Band 3 in Hereditary Spherocytosis 

Band 3, or the anion exchanger 1 (AE 1), is the most abundant protein in the red 
cell membrane, and is composed of 911 amino acids. The first 403 residues con¬ 
stitute the cytoplasmic domain to which a number of proteins bind, including an- 
kyrin and protein 4.2. Residues 404—911 account for the membrane domain which 
harbors 14 membrane-spanning segments (TM). The organization of the human 
red cell anion exchanger gene ( EPB3 gene) has been established. 

Hereditary spherocytosis (HS) is a common hereditary hemolytic anemia. A 
number of HS cases are due to band 3 mutations (see Section 10.4). 

Two situations may be distinguished, (i) The red cells partially or completely lack 
one haploid set (heterozygous state) of mutant band 3 (20—40% reduction of over¬ 
all band 3), yielding mild to moderate HS with a dominant inheritance pattern. 
Heterogeneous mutations have been elucidated. As a consequence, protein 4.2 is 
diminished at roughly the same proportions as band 3. Homozygous band 3 defi¬ 
ciencies have been described in three animal models in which protein 4.2 is absent, 
(ii) Protein 4.2 is sharply decreased due to mutations in the cytoplasmic domain of 
band 3 which presumably affects the binding site for protein 4.2, e. g.: band 3 Tus¬ 
caloosa [15], P327R, CCC—»CGC; band 3 Montefiore [14], E40K, GAG—»AAG; and 
band 3 Fukuoka [11], G130R, GGA—»AGA. The inheritance pattern is recessive for 
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band 3 Montefiore and band 3 Fukuoka, but has not been established with cer¬ 
tainty for the others. 

In addition, the primary and almost complete absence of protein 4.2 is observed 
due to the occurrence in the homozygous (or the compound heterozygous) state of 
mutations in the EPB42 gene encoding protein 4.2. The inheritance pattern is also 
recessive. 

The band 3 Memphis variant II is associated with an altered binding of 
4,4’-diisothiocyano-dehydrostilbene-1,2-disulfonate (H 2 DIDS) due to the P854L, 
CCG—>CTG mutation. It carries in cis the Memphis I and II polymorphisms, 
K56E, AAG—>GAG. Memphis I and II polymorphisms are relatively common 
among Orientals. The P854L polymorphism is the structural basis of the Diego 
(Di a ) blood group antigen which is known to be responsible for hemolytic disease 
of the newborn, but not for HS. 


15.2 

Glycophorins 

15.2.1 

Glycophorin A and B Variants 

Complete deficiency of glycophorin A (GPA) [32] (see Sections 5.2.1 and 5.2.2) is 
known as the En (a—) phenotype with no detectable MN antigens (Figs. 15.15— 
15.17). Two types of En (a—) variant are present. In a Finnish type [33], substantial 
portions of GYPA are absent, whereas GYPB gene is basically intact. Thus, the in¬ 
dividuals of this type are due to a homozygous deletion of the GYPA locus. In con¬ 
trast, the En (a—) phenotype in England [En (UK)] [34] demonstrates a hybrid con¬ 
sisting of the 5’ end of GYPA linked to the 3’ portion of the GYPB locus. This chi¬ 
meric gene generates a hybrid glycophorin molecule composed of the N FI 2 -term¬ 
inal portion of an M-specific GPA linked to the COOH-terminal portion of a glyco¬ 
phorin B (GPB) molecule with S specificity. 

The En (a—) red cells compensate for the loss of surface charge by increasing the 
glycosylation of band 3. As a result, the surface charge is only about 20% less than 
expected. 

The total deficiency of GPB demonstrates red cells with the S-s-U-phenotype [35, 
36]. In these individuals, red cells are deficient in GPB or express a non-glycosy- 
lated, defective form of this peptide due to large deletions of the GYPB locus 
[37, 38]. On rare occasions, the S-s-U-phenotype is observed with partial deletions 
of GYPB or an apparently normal GYPB structure. 

Both genes of GYPA and GYPB can be deleted, known as the M k variant [39] 
(Fig. 15.15). In heterozygotes of the M k variant, red cell MN and Ss antigens are 
present at 50% of the levels of the wild type. In homozygotes (M k M k ), red cells 
totally lack detectable GPA and GPB as well as MN and Ss antigens, Wr b deter¬ 
minants, and the En a antigen [40]. 
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Figure 15.15 Molecular mechanism of glycophorin anomalies. GPA: glycophorin A, 
GPB: glycophorin B, and GPE: glycophorin E. 


(A) PAS Staining 
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(B) Western Blotting With Anti-Glycophorin A 
Antibody (EnaFS:OSK4-1) 
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Figure 15.16 Profiles of glycophorin ab¬ 
normalities in homozygotes studied by 
sodium dodecylsulfate polyacrylamide gel 
electrophoresis. (A) Periodic acid Schiff 
(PAS) staining, (B) Western blotting with 
anti-glycophorin A antibody (EnaFS: OSK- 
4—1). Ena-: total deficiency of glycophorin 
A, M k : combined deficiency of glycophorin A 
and B, U _ : deficiency of glycophorin B, and 
Mi—V: Miltenberger-V anomaly. 
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Glycophorin A Deficiency 


Figure 15.17 Complete lack of glycophorin A molecules in red cells of glycophorin A deficiency 
(En [a—]) detected by field emission scanning electron microscopy with anti-human glycophorin A 
monoclonal antibody (Ena FS: OSK-4—1). 


Normal 
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E: exon, GPC: glycophorin C, GPD: glycophorin D 

Figure 15.18 Molecular genetics of Gerwich anomalies related to the glycophorins C and D group. 
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Typical examples of recombination events of the two genes of GYP A and GYPB 
are the Miltenberger phenotypes [41] (Fig. 15.15). The Miltenberger V (MiV) phe¬ 
notype arises as a consequence of recombination of the GYPA and GYPB genes 
that have juxtaposed the 5’-segment of the GPA gene with 3’-segment of the 
GPB gene, with the crossovers occurring within the intron 3’ to GPA exon 3 and 
the intron 5’ to GPB exon 4. These hybrid molecules express the antigenic activities 
of M and S, or M and s, depending on the Ss genotype of the donor GPB segment. 
A reciprocal cross-over process appears to be responsible for producing the St a var¬ 
iant glycophorin. The Miltenberger III (Mi III) variant of the glycophorins demon¬ 
strates double cross-over events, or gene conversion events, which appear to be re¬ 
sponsible for replacing a segment of the GPB gene with a corresponding segment 
of the GPA gene. 

Band 3 knock-out mice demonstrate complete deficiency of GPA in red cells 
[26, 27]. 

Although many variants have been reported in GPA and GPB, it should be noted 
that, even in the complete combined deficiencies of GPA and GPB, there are no 
abnormalities in red cell morphology, membrane functions, and red cell survival 
[41, 42]. These observations suggest that the GPA and GPB appear to play no cri¬ 
tical role in cellular functions. 

15.2.2 

Glycophorin C and D Variants 

The GPC gene (see Section 5.2.2) is composed of four exons [32, 43]. The extracel¬ 
lular domain of GPC is encoded by exons 1 and 2. Its transmembrane segment is 
encoded by exons 3 and 4, and the cytosolic portion by exon 4. 

Four high-frequency antigens within the Gerwich (Ge or GE) blood group are 
known as Ge: 1, Ge: 2, Ge: 3, and Ge: 4 (Fig. 15.18). The most common phenotype 
in normal individuals is Ge: 1, 2, 3, 4. Four variants that lack one or more of these 
determinants are known [32, 43] as (1) the Melanesian type (Ge: —1, 2, 3, 4) which 
indicates that this variant lacks the Ge: 1 determinant, (2) the Yussef (Yus) type 
(Ge: —1, —2, 3, 4), (3) the Gerbich type (Ge: —1, —2, —3, 4), and (4) the Leach 
type (Ge: — 1, —2, —3, —4). 

The morphology of the red cells of the Leach phenotype demonstrates elliptocy- 
tosis with deficiency of glycophorins C and D [44]. Therefore, the Gerbich antigens 
correspond to determinants on GPC or GPD. The Ge: 2 determinant, which is sen¬ 
sitive to neuraminidase and trypsin treatments, is present only on GPC. The Ge: 3 
determinant, which is destroyed by neuraminidase treatment or trypsin digestion, 
is expressed on GPC and GPD. The Ge: 2 and Ge: 3 determinants are localized at 
positions corresponding to exons 2 and 3, respectively. 

The molecular pathogenesis of the Leach phenotype (Ge: —1, —2, —3, —4) has 
been elucidated [45]. Some individuals demonstrate homozygosity of a deletion 
of GYPC at exons 3 and 4, yielding aberrant GPC and GPD molecules defective 
in the membrane-spanning and cytoplasmic segments [46], although exons 1 
and 2 are maintained nearly normally. In other individuals of the Leach phenotype, 
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there are DNA sequence alterations at a position corresponding to codons 44 and 
45 [47], that is, an amino acid substitution of a tryptophan to a leucine at position 
44, and additional deletion of a single nucleotide in the adjacent codon. The frame- 
shift mutation produces a termination codon at a position corresponding to residue 
56 of the native GPC. One may expect that the predicted protein of aberrant GPC 
in this individual would consist of 43 residues from the native sequence followed 
by 12 new amino acids. This mutated polypeptide would not contain a transmem¬ 
brane segment of the native molecule. 

In the Leach phenotype, elliptocytosis is one of the characteristic features [48]. 

The deficiency of GPC appears to be not directly responsible for the altered me¬ 
chanical properties observed in Leach red cells, whereas the mechanical instability 
appears to be due to a partial deficiency of protein 4.1 associated with aberrant 
GPC. The instability is fully corrected by introducing protein 4.1 or its spectrin¬ 
binding domain into GPC-deficient red cells. 

Red cells of the Yussef type (Ge: —1, —2, 3, 4) variant demonstrate a deletion of 
exon 2 of GYPC. As a result of this deletion of exon 2, an aberrant transcript is 
composed of a 109 amino acid-long protein deficient in the 19 residues encoded 
by exon 2 [46, 49]. 

The GYPC gene in the Gerbich type (Ge: —1, —2, —3, 4) is abnormal in a dele¬ 
tion of sequences corresponding to exon 3 [46, 49]. This variant gene encodes a 
shortened 100 amino acid-long GPC molecule deficient in 28 amino acid residues 
corresponding to exon 3. The aberrant GPC molecule retains a transmembrane 
and COOH-terminal cytosolic domain but displays truncated forms of the extracel¬ 
lular domain. Variant GPD molecules will be synthesized by these molecular var¬ 
iants through the internal initiation mechanism [32]. 

The Ls a phenotype is known as a larger GPC and GPD variant molecule as a con¬ 
sequence of duplicated exon 3 [50, 51]. The Webb (Wb) variant is a trypsin-sensitive 
antigen produced by an aberrant GPC molecule. The pathogenesis lies on a single 
base pair sequence difference at codon 8 from an asparagine to a serine, removing 
the single asparagine-linked glycosylation site on the normal GPC molecule [52]. 

Other point mutations (the An a and Dh a antigens) in the GYPC gene have been 
reported [53, 54]. 


15.3 

Blood Group Antigens 

15.3.1 

Rh Blood Group Antigens 

Abnormalities or polymorphisms of the Rh blood group antigens [32, 55] (see Sec¬ 
tions 5.3.2 and 12.4) can be observed on the four occasions as described below: (1) 
the RhD-negative phenotype, (2) the Rh partial D variants, (3) the polymorphisms 
of the RhCE antigens, and (4) the rare Rh null and Rh mod phenotypes (Table 5—1). 
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(1) The RhD-negative phenotype lacks detectable red cell RhD peptide despite of 
the presence of normal amounts of the RhCE antigens. This RhD-negative po¬ 
pulation is about 17 % in Caucasians, and only 0.5 % in Japanese. These indi¬ 
viduals are homozygous for partial or complete deletions of the RHD locus 
[56—58]. There is a rare case with a non-functional RhD gene due to a 4 bp de¬ 
letion in a coding region [59]. In the Japanese population with the RhD-negative 
phenotype, approximately 27 % show the grossly intact RHD gene [60]. 

(2) The antigenic variants of the RhD polypeptide are also known (D n through D VI1 ) 
[61]. The phenotype of a given D variant group is defined by the lack of expres¬ 
sion of one or more of a series of more than 30 D antigenic epitopes (epDj 
through epD 30 and higher) [62, 63]. These variants usually demonstrate various 
epitopic changes. In most instances, gene conversion events are observed, be¬ 
cause the gene conversion appears to be relatively favored by the close physical 
proximity of the RHD and RHCE loci, by the marked similarity of nucleotide 
sequences between the two genes, and by the presence of interspersed repetitive 
DNA sequence elements within the two loci. Partial D variants are also observed 
owing to point mutations of the RHD and RHCE genes themselves [64]. 

(3) Polymorphisms of the C/c and E/e phenotypes can be accounted for by amino 
acid substitutions at residues 103 (C = Ser, c = Pro) and 226 (E = Pro, e = Ala) 
[65]. The low-frequency antigens C w and C x derive from a glutamine to arginine 
change at codon 41 and from an alanine to threonine change at codon 36, in the 
RHCE locus [66]. The VS antigen corresponds to a leucine to valine substitution 
at codon 245 in the RHCE gene [67]. The weak D (Du) phenotype demonstrates 
low but detectable levels of D antigen with abnormally low amounts of a qua¬ 
litatively normal RhD transcript [68]. The RN phenotype shows abnormal RhC 
and Rhe transcripts that generate hybrid RhCe-D-Ce peptides, which are ex¬ 
pressed less efficiently. 

(4) The Rh nu u phenotype, which is completely deficent in erythroid Rh antigens, 
demonstrates a chronic, mild to moderate nonimmune homolytic anemia 
with stomatocytosis, spherocytosis, and increased osmotic fragility [32, 55, 
69]. The Rh mod phenotype red cells show low levels of Rh antigens with a 
mild compensated hemolytic anemia. Rh nldl and Rh mod red cells have dimin¬ 
ished or absent expression of glycophorin B (the Ss antigens), Duffy determi¬ 
nants, the Rh50 peptide, and the LW glycoprotein [55, 69, 70]. The pathogeneses 
of the Rh null phenotype lie on homozygosity for silent alleles at the RH locus, or 
on homozygosity for an allele (X°r) at an autosomal locus that is genetically in¬ 
dependent of the RH locus. Defects in the RH50 locus is also responsible for 
the Rh null phenotype owing to frameshift and missense mutations leading to 
disrupted RH50 protein expression [71]. A splicing abnormality yields an abnor¬ 
mally spliced RH50 transcript resulting in a non-functional Rh50 polypeptide. 
Defects in the RH30 gene itself is naturally pathognomonic for the Rh nu]1 or 
Rh mod phenotypes [72—74]. 
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15.3.2 

The Kell Blood Croup Antigens (The McLeod Syndrome) 

The KEL1 antigen is a powerful immunogenic polypeptide among other human 
blood group alloantigens, second only to the RhD antigen in its immunogenicity 
[32, 75] (see Section 5.3.5). 

In pathological states of the Kell blood group system, two unusual Kell pheno¬ 
types are known. 

The first one is known as a K null (or Kj,) phenotype, which comes from the ab¬ 
sence of the Kell glycoprotein from red cells. All known Kell antigens are deficient 
in red cells of the homozygous individuals with the K nuU phenotype. K mod is a ge¬ 
netically heterogeneous phenotype with exceptionally weak Kell antigen reactivity 
in the red cells. It is interesting to note that Kell nu n and Kell mod red cells demon¬ 
strate a normal morphology and normal survival in vivo [76, 77]. The exact patho¬ 
genesis has not been elucidated [32]. 

The second one is the McLeod syndrome, which is an X-linked disorder with a 
defect at a gene of Xk. In the McLeod syndrome, the level of the 93 X 10 3 Da Kell 
protein is markedly reduced in the red cells. In addition, an antigen named Kx or 
KEL15 is partially or totally deficient in the red cells. The most characteristic fea¬ 
ture is that these abnormalities are accompanied by acanthocytosis in the red 
cells with the McLeod syndrome [78]. The red cell survival in vivo is clearly short¬ 
ened. Female carriers with a defective Xk gene have two populations of red cells as 
a consequence of X chromosome lyonization. One red cell population demon¬ 
strates a normal red cell shape with a normal amount of Kell antigens. The 
other population demonstrates acanthocytosis in the red cells, which are from 
an erythroid progenitor clone wherein the wild type Xk allele is inactivated. 

The Kx (or KEL15) antigen, which is deficient in the McLeod syndrome, is a 37 X 
10 3 Da polypeptide [79]. This protein is a 444 amino acid-long polypeptide with ten 
membrane-spanning segments [80]. Deficiency of the Kx protein is due to large de¬ 
letions or splice site mutations on the Xk gene [80—81]. 
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16.1 

Ankyrin 

16 . 1.1 

Introduction 

Erythroid ankyrin (Ankl) is a large, 206 kDa, 8.3 X 10 nm protein that provides the 
primary linkage between the spectrin—actin—based red cell membrane skeleton 
and the plasma membrane [1—4] (see Sections 6.1, 10.4). This important cellular 
localization of membrane proteins may be mediated by the relative affinities of 
the many different isoforms of ankyrin for target proteins; membrane skeleton 
proteins, ion transport proteins, and cell-adhesion molecules. The isoform diversity 
of ankyrin arises from both different gene products and alternative splicing of the 
same gene product. During erythroid development and maturation, Ankl is detect¬ 
able at the stage of colony-forming unit-erythroid (CFU-E) after spectrin synthesis 
begins, but before band 3 is made (see Chapter 7). 

Each spectrin tetramer appears to bind on average only one ankyrin molecule, 
even though two binding sites are available, probably because ankyrin binding is 
approximately ten times stronger to spectrin tetramers than to spectrin dimers. An¬ 
kyrin also binds to the cytoplasmic domain of band 3 molecules at sites near the N- 
terminus and near the hinge region with its high affinity (K d : 10 7 to 1(T 8 M). This 
interaction appears to be critically important, because membrane stability de¬ 
creases markedly, when the ankyrin—band 3 interaction is selectively disrupted 
in intact red cells at alkaline pH. 

Ankyrin 1, red cell ankyrin, has been identified in erythroid tissue, brain, and 
muscle. The major form of ankyrin 1 is composed of three domains: (1) an 
89 kDa NHj-terminal membrane domain (amino acids 2 to 827) composed of 24 
conserved repeats known as a membrane domain that contains the binding sites 
for band 3; (2) a 62 kDa spectrin-binding domain (amino acids 828 to 1382) that 
contains the binding sites for spectrin and vimentin; and (3) a 55 kDa COOH-term- 
inal regulatory domain (amino acids 1383 to 1881). Complex patterns of alternative 
splicing have been identified in the region encoding the regulatory domain (see 
Section 6.1.2). 
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The 89 kDa NH 2 -terminal membrane domain (see Section 6.1.2.1) consists of 24 
tandem subunits of 33 amino acids (ankyrin repeats). The ankyrin repeats are or¬ 
ganized into four subdomains of six repeats each, and these repeats form two dis¬ 
tinct but cooperative binding sites for band 3. One site of ankyrin to bind band 3 is 
on repeats 7 to 12 (subdomain 2), and the other site is on repeat 13 to 24 (subdo¬ 
mains 3 and 4). Ankyrin can bind band 3 with these two sites, which allow band 3 
to form a tetramer from a dimeric form in the membrane. Structurally, the ankyrin 
repeats form a novel L-shaped figure consisting of a (5-hairpin followed by two a- 
helices that pack side-to-side in an antiparallel fashion. Red cell ankyrin exhibits 
the nonglobular structure. 

The 62 kDa spectrin-binding domain (see Section 6.1.2.2) binds to spectrin. The 
binding site appears to be present at regions in both the beginning and middle of 
this domain. The principal point of spectrin binding may lie in the highly con¬ 
served middle region. The nonconserved site at the region at the beginning of 
this domain may provide specificity and allow ankyrins to discriminate between 
spectrin molecules. Regarding the ankyrin—spectrin interaction, spectrin repeat 
15 is the complementary binding site for ankyrin on spectrin molecules. As for 
a role of ankyrin in binding the skeletal network to the membrane, ankyrin and 
band 3 are the major sites of skeletal attachment in red cells. However, spectrin 
binding to the membrane can be achieved by some other processes during erythro- 
poiesis (possibly by protein 4.2 ) even though ankyrin is absent, such as nb/nb 
mice, which totally lack Ankl. 

The 55 kDa COOH-terminal regulatory domain (see Section 6.1.2.3) contains 
many alternative splice sites. At the moment, at least 15 ankyrin variants are 
known, which differ in size and in function. The best example is ankyrin 2.2, 
which lacks an acidic 162 amino acid sequence, compared with normal full-sized 
ankyrin (ankyrin 2.1). Ankyrin 2.2 is thought to be an active form of ankyrin, in 
which binding to band 3 and spectrin is definitely enhanced. The 162 amino 
acid repressor sequence binds to ankyrin 2.2 and inhibits its interaction with 
band 3. Shortened variants of ankyrin (20 to 26 kDa) are observed in muscle 
cells, which are composed of a unique hydrophobic sequence attached to the C- 
terminal end of the regulatory domain. The regulatory domain of all ankyrins 
also contains a region that is homologous to the death domains of proteins in¬ 
volved in apoptosis signaling. 

A family of ankyrins (see Section 6.1.4) is now known, each of which is encoded 
by a different gene. The erythroid type of ankyrin is known as ankyrin 1 or ankyr- 
in R (gene symbol: ANK1) which is present in erythroid cells, muscle, cerebellum, 
macrophages, and endothelial cells. 

The red cell ankyrin 1 (ANK1) gene is located at chromosome 8pll.2, and its 
size is 160 kb. There are two sizes of messenger RNA (mRNA), 7.2 kb, which is 
found mainly in mature erythroblasts and reticulocytes, and 9 kb, which is 
found mainly in immature erythroblasts and neural cells. The red cell ankyrin con¬ 
tains 1881 amino acids that are deduced from its mRNA (7.2 kb) with 42 exons, 
and there are approximately 1.24 X 10 5 copies of ankyrin molecules per red cell. 
A neural protein is known as ankyrin 2 or ankyrin B (ANK2), which is found in 
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neuronal cell bodies, dendrites, and glial cells. Ankyrin 3 or ankyrin G (ANK3) is 
one that is distributed broadly in most epithelia, axons, postsynaptic membranes 
at the neuromuscular junction, lymphocytes, megakaryocytes, and muscle cells. Al¬ 
though ankyrins 1 and 2 are localized in plasma membranes, isoforms of ankyrin 
3, which lack all or part of the membrane domain, are localized in intracellular or¬ 
ganelles, especially the Golgi apparatus (ankyrin G 119 ) and some lysosomes [5]. 
There are larger forms of ankyrin, such as the 220 kDa isoforms of ankyrin 2 
and ankyrin 3, which have the same three domain structure as erythroid ankyrin 
1. The membrane and spectrin domains are highly conserved, but the regulatory 
domains differ greatly. The 440 kDa isoforms of ankyrin 2 and ankyrin 3 are 
also known, which are due to the insertion of a 220 kDa rod-like sequence between 
the spectrin and regulatory domains [6, 7]. This excessively large domain targets 
these giant ankyrins at regions of neurite outgrowth (in ankyrin 2) or at axon initial 
segments and the nodes of Ranvier (in ankyrin 3). 

A large number of integral membrane proteins other than band 3 also bind to 
ankyrin, that is: anion exchanger 1 (AE 1), anion exchanger 2 (AE 2), Na + /K + - 
ATPase, the electrogenic and amiloride-sensitive Na + channels, the Na + /Ca 2+ ex¬ 
changer, H + /K + -ATPase, and adhesive proteins, such as CD44, NrCAM, NgCAM, 
and neuroglian (see Section 6.1.4). 

16 . 1.2 

Ankyrin Mutations in Hereditary Spherocytosis 

Abnormalities of ankyrin are the principal cause in the pathogenesis for hereditary 
spherocytosis, especially in Western countries. No reports have been presented 
on the essential abnormalities in hereditary elliptocytosis regarding its pathogen¬ 
esis. 

The first observation concerning the role of ankyrin in the pathogenesis of red 
cell membrane disorders was the identification of the deletion of the short arm 
of chromosome 8 in patients with hereditary spherocytosis (see Section 10.4.1). 

Two sisters were identified with a deletion of chromosome bands 8pll.l— p21.2, 
which was associated with spherocytosis, dysmorphic features, micrognathia, nys¬ 
tagmus, and psychomotor retardation. It was known that the chromosomal locali¬ 
zation (SPH1) of classical hereditary spherocytosis resided in 8pll, and that her¬ 
editary spherocytosis was associated with various abnormalities of chromosome 
8, such as its translocations, that is, t (8; 12) (pi 1; pl3), or t (3; 8) (p21; p22), 
and its deletions, that is, 8pll.l, 8pll.22—8p21.1, or 8pll—p21.1. Some patients 
with hereditary spherocytosis were associated with a deficiency of red cell glu¬ 
tathione reductase, the chromosome of which is located at 8p21.1. These observa¬ 
tions provide evidence for a genetic locus for hereditary spherocytosis in the prox¬ 
imal region of the short arm of chromosome 8. The nature of the hereditary spher¬ 
ocytosis locus was elucidated when it was demonstrated that the gene for ankyrin 
resides in this region and that these above-mentioned patients lacked the ankyrin 
gene on the abnormal chromosome. It is now known that the red cell ankyrin gene 
(ANK1) resides at 8pll.2. As discussed above, genetic linkage analyses and cytoge- 
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netic evidence showed that a defect in ankyrin is the primary cause of hereditary 
spherocytosis in some families. 

Twelve different ankyrin mutations in 13 kindreds were first identified from 46 
kindreds with both dominant and recessive hereditary spherocytosis [8]. To date, 50 
mutations of the ankyrin gene as the pathogenesis of hereditary spherocytosis have 
been reported worldwide (Table 10.1 and see Section 10.4.1). 

This disorder comprises a heterogeneous group of hemolytic anemias character¬ 
ized by chronic hemolysis with microspherocytosis and increased osmotic fragility 
and is a consequence of heterogeneous defects in the proteins of the red cell mem¬ 
brane. 

By analyses of the red cell membrane proteins using protein biochemistry and a 
radioimmunoassay, several alternative protein deficiencies have been identified in 
four distinct subsets of hereditary spherocytosis patients, those with: (1) isolated 
spectrin deficiency, (2) combined spectrin and ankyrin deficiency, (3) band 3 defi¬ 
ciency, or (4) protein 4.2 deficiency. Corresponding to these categories, gene muta¬ 
tions of ankyrin, band 3, protein 4.2, and P-spectrin have been identified. 

Ankyrin deficiency is believed to be a major cause of hereditary spherocytosis, 
especially of autosomal dominant (AD) transmission in Western countries. An 
analysis of 166 unrelated patients with hereditary spherocytosis showed a defi¬ 
ciency of ankyrin (and its related spectrins) to be present in 60 % of these unrelated 
families, band 3 in 23 %, and protein 4.2 in 2 %; 15 % were of unknown origin [9]. 
It has also been reported that in 80 unrelated patients with hereditary spherocyto¬ 
sis, ankyrin/spectrin deficiency was detected in 55 %, band 3 in 27 %, and protein 
4.2 in 3 %; 15 % were of unknown etiology [10]. In addition, ten (3-spectrin muta¬ 
tions in 40 families with hereditary spherocytosis associated with spectrin defi¬ 
ciency or combined spectrin and ankyrin deficiencies have been reported [11]. 

Contrary to these reports in Western countries, biochemical studies of 47 patients 
of 32 unrelated families of hereditary spherocytosis in the Japanese population indi¬ 
cated the presence of band 3 deficiency in 27 %, protein 4.2 deficiency in 14%, an¬ 
kyrin deficiency in 4 %, spectrin deficiency in 8 %, and no abnormality in 47 % when 
protein contents were evaluated by sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS—PAGE), with less than 2 standard deviations, compared 
with normal control samples [12]. These results imply that ankyrin deficiency occurs 
less often in the Japanese population, although SDS—PAGE may underestimate the 
degree of ankyrin deficiency in patients, especially compared with a radio immu¬ 
noassay (RIA) or an enzyme-linked immunosorbent assay (ELISA) measurement. 
In addition, there is a higher frequency of protein 4.2 deficiency in this population. 

We further extended our study on the incidence of membrane protein abnorm¬ 
alities in our 60 Japanese patients of hereditary spherocytosis with unrelated fa¬ 
milies [13]. There were fewer ankyrin deficiencies (7%), a moderate number of 
band 3 deficiencies (20%), and many more protein 4.2 deficiencies (45%), with 
28% of unknown etiology. In the band 3 gene, 11 mutations pathognomonic for 
hereditary spherocytosis were identified (three frameshift and eight missense mu¬ 
tations). On the other hand, 2 missense mutations were detected in the ANK1 gene 
from 26 unrelated Japanese hereditary spherocytosis (in 52 alleles): (1) ankyrin 
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Briiggen (CGT—>CAT; Arg—>His at codon 619 in exon 17), and (2) ankyrin Nara 
(CTA—»CCA; Leu—»Pro at codon 1046 in exon 28). 

It is well known that the ankyrin content is highly dependent on the extent of 
reticulocytosis. Therefore, it is not unreasonable to consider the possibility that 
the deficient ankyrin content, which is expected to be decreased because of the an¬ 
kyrin gene mutations, could be masked by the presence of marked reticulocytosis 
associated with increased hemolysis in hereditary spherocytosis. This hypothesis 
would explain why the clinical severity of hereditary spherocytosis in Japan is 
usually mild, and why the mildly decreased ankyrin content can easily be compen¬ 
sated for by the increased reticulocytosis. Therefore, we extended our studies on 
the detection of ankyrin gene mutations to a larger scale [14]. 

As a result, 16 of 49 patients were found to carry ankyrin gene mutations in het¬ 
erozygous states (Table 16.1). The mutations pathognomonic for hereditary spher¬ 
ocytosis consisted of four nonsense mutations, eight frameshift mutations, and four 
abnormal splicing mutations (33% of total unrelated hereditary spherocytosis pa¬ 
tients). These mutations are located throughout the ankyrin peptide, and all except 
one (ankyrin Kagoshima or ankyrin Yamanashi) of these are family-specific, private 
mutations. It is interesting to note that only four mutations (one frameshift, one 
abnormal splicing, and two nonsense mutations) were detected in 16 unrelated pa¬ 
tients of autosomal dominantly inherited hereditary spherocytosis patients and that 
12 mutations (seven frameshift, three abnormal splicing, and two nonsense muta¬ 
tions) were found in 30 sporadic (de novo) hereditary spherocytosis patients which 
were genetically proven because the parents did not have the mutation, contrary to 
the previous commonly-held belief that null mutations (frameshift and nonsense 
mutations) predominate in dominant hereditary spherocytosis and that missense 
mutations tended to be detected mostly in patients of non-autosomal dominant 
transmission. In clinical hematology [14], the patients with these ankyrin gene mu¬ 
tations tended to be slightly more anemic (p < 0.002) and to have a higher level of 
reticulocytosis (p < 0.011) than those with the band 3 gene mutations [13, 14]; the 
levels of hemoglobin, mean cell volume (MCV), mean cell hemoglobin concentra¬ 
tion (MCHC), reticulocytes, and indirect bilirubin were 9.0+2.3 g dL~\ 87.0+6.6 fL, 
33.3+2.2%, 15.8+7.4%, and 2. 1+ 1.6 mg dL~\ respectively, in the group with 
ankyrin gene mutations, compared with 12.7+1.7 g dL ', 88.1 ± 6.0 fL, 
36.4+1.2%, 8.4+1.2%, and 2.1 + 1.4 mg dL~\ respectively in the group with 
band 3 gene mutations. 

In this study, in addition to the above-mentioned two missense mutations 
(ankyrin Briiggen, and ankyrin Nara), 15 silent mutations were also detected 
[13, 14] (Table 16.2). Regarding the allele frequency of these ankyrin gene poly¬ 
morphisms in the Japanese population, 2997C—»G was the most frequent (0.49 
in 49 hereditary spherocytosis patients and 0.52 in 46 healthy subjects), followed 
by 3044 (+46C—»T) (0.23 and 0.30, respectively), 681G—>A (0.18 and 0.16, respec¬ 
tively), and 399C—>T (0.14 and 0.15, respectively) [13, 14]. No significant difference 
was observed in the allele frequency of these gene polymorphisms between normal 
subjects and hereditary spherocytosis patients. These polymorphisms were ob¬ 
served to almost the same extent in Japanese and German populations [13, 14]. 
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Ankyrin Exon 22 , codon 2478 — 2481 nt Frameshift non-AD 9.7 20.6 

Kagoshima 798—799 G TCAGT —>GT (PCT) (heterozygous) 













Exon 22 , codon 2478 — 2481 nt Frameshift de novo 8.1 21.8 101 116 

798-799 G TCAGT —>GT (PCT) (heterozygous) 
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Table 16.2 Polymorphism and allele frequency of the ankyrin-1 gene in healthy control subjects 
and HS probands. 


Location 

Polymorphism 

Name of variant 

HS (n 

Allele frequency 

= 62) Normal (n = 46) 

Intron 1 

C—>T, 84nts before start 
of exon 2 

122 (—84C—>T) 

0.00 

0.01 

Exon 2 

codon 11: GAT—>GCT 
(Asp—> Ala) 

D11A 

0.01 

0.01 

Exon 4 

codon 105: AAC—>AAT 
(silent) 

399C—>T 

0.12 

0.15 

Exon 6 

codon 199: CCG—>CCA 
(silent) 

681G—>A 

0.18 

0.16 

Intron 7 

C—>T, 32nts before start 
of exon 8 

796 (—32C—>T) 

0.01 

0.02 

Exon 17 

codon 619: CGT—>CAT 
(Arg—>His) 

R619H 

0.05 

0.02 

Exon 18 

codon 691: GGC—>GGT 
(silent) 

2157C—>T 

0.12 

0.10 

Exon 20 

codon 737: CCC—»CCG 
(silent) 

2295C—>G 

0.01 

0.01 

Exon 21 

codon 783: ACC—>ACT 
(silent) 

2433C—>T 

0.12 

0.10 

Intron 22 

T—»C, 13nts after end 
of exon 22 

2545 (+13T—>C) 

0.01 

0.00 

Exon 26 

codon 971: CTC-^CTG 
(silent) 

2997C—>G 

0.45 

0.52 

Intron 26 

C^T, 46nts after end 
of exon 26 

3044 (+46C^T) 

0.23 

0.30 

Intron 28 

C—>G, 21nts after end 
of exon 28 

3411 (+21C—>G) 

0.06 

0.04 

Exon 33 

codon 1367: GCC-^GCT 
(silent) 

4185C—>T 

0.05 

0.05 

Exon 39 

codon 1755: GTG—>GTA 
(silent) 

5439G—»A 

0.15 

0.21 

Intron 40* 

C—>T, 3nts before start 
of exon 41 

5563 (—3C—>T) 

0.81 

0.77 

Intron 41 

G—>A, 71nts after end 
of exon 41 

5703 (+71G—>A) 

0.15 

0.17 

Intron 41 

C—>T, 364nts after end 
of exon 41 

5703 (+364C—>T) 

0.01 

0.00 


nt indicates nucleotide, HS: hereditary spherocytosis. 

* This polymorphism has recently been detected as a new one. 






76 Abnormalities of Anchoring Proteins | 341 

Up to the present time, more than 50 ankyrin gene mutations have been re¬ 
ported in autosomal dominantly inherited hereditary spherocytosis (Tables 10.1 
and 16.1). They are spread over the ankyrin gene (Fig. 1.5), and most of them 
are private mutations with a few exceptions such as of ankyrin Kagoshima (or an¬ 
kyrin Yamanashi), or of ankyrin Florianopolis, which is a recurrent frameshift mu¬ 
tation with severe dominantly inherited hereditary spherocytosis. De novo muta¬ 
tions in one of the ankyrin alleles leading to decreased expression are frequent 
in patients with hereditary spherocytosis without a positive family history. 

In most of the patients with the ankyrin gene mutations, one ankyrin allele has 
reduced expression in a third of the hereditary spherocytosis patients with com¬ 
bined spectrin and ankyrin deficiency [1—4]. This implies that transcription of 
one of the ankyrin alleles is either reduced or its mRNA is unstable. In fact, 
most of the null mutations are not detectable in reticulocyte mRNA, suggesting in¬ 
stability of the mutant transcript. 

In clinical phenotypes of these patients with the ankyrin gene mutations, the ex¬ 
tent of anemia is variable, and ranges from mild to severe, probably because the null 
mutation appears to be compensated to different degrees, such as the presence of 
marked reticulocytosis either with overproduction of the normal ankyrin allele or 
with diminished ankyrin degradation [15—18]. This mechanism is still puzzling. 

All of the ankyrin gene mutations are accompanied by combined and equivalent 
deficiencies of ankyrin and spectrin. Historically, the first report to be presented 
indicated that spectrin is deficient in patients with hereditary spherocytosis [19]. 

The extent of spectrin deficiency correlates well with the clinical severity, such as 
the degree of anemia, of spherocytosis, and of increased osmotic fragility. In addi¬ 
tion, the spectrin deficiency in hereditary spherocytosis patients became known as 
usually being secondary to or associated with other skeletal protein deficiencies, 
especially with ankyrin. Ankyrin represents the principal binding site for spectrin 
on the membrane (see Sections 4.1 and 6.1). Thus, it is not surprising that ankyrin 
deficiency is associated with a proportional decrease in spectrin assembly on the 
membrane in spite of a normal synthesis of spectrin. Through detailed studies, 
it has been shown that 30 to 45 % of hereditary spherocytosis patients have com¬ 
bined ankyrin and spectrin deficiency, and about 30 % have isolated spectrin defi¬ 
ciency [9, 10], 

Among the ankyrin gene mutations reported, several interesting mutations are 
known. Ankyrin Rakovnik [20], which is a nonsense mutation (E1669X) within 
the regulatory domain of the ankyrin gene in a patient with autosomal dominantly 
inherited hereditary spherocytosis, preserves band 2.2 as the minor isoform, in 
spite of selective deficiency of band 2.1 as the major ankyrin isoform. Ankyrin 
Walsrode [8], which is a missense mutation (V463I) within the band 3 binding 
membrane domain in a patient of recessive hereditary spherocytosis, exhibits a de¬ 
creased affinity for band 3, resulting in a marked deficiency of band 3, more than 
that of ankyrin or spectrin. 

Regarding animal models, six types of autosomal recessively inherited hereditary 
hemolytic anemia are known in the common house mouse (Mus musculus), such 
as ja/ja, sph/sph, sph ha /spht 111 , sph 2BC /sph 2BC , sph 1} /sph 1] , sph 2] /sph 2] , sph-Dem/sph-Dem, 
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and nb/nb [21]. All of the homozygous mutations exhibit severe hemolysis with 
striking reticulocytosis, marked spherocytosis, icterus, biliary gallstones, and mas¬ 
sive hepato-splenomegaly. A mild clinical phenotype with a mild spectrin defi¬ 
ciency is shown by an sp/sp mutant in the deer mouse (Peromyscus maniculatus). 

Among these mouse mutants, the nb/nb mice exhibit a total lack of ankyrin with 
concomitant reduction of the spectrin content (50 to 70% of normal values) [22]. In 
these mice, synthesis of spectrin is basically unaffected [23]. The major pathogen¬ 
esis of spectrin deficiency appears to be due to extreme instability of the ankyrin 
molecules. It is interesting to note that the nb/nb mice develop ataxia due to 
loss of cerebellar Purkinje cells when they are grown up [24]. In the Purkinje 
cells of the mice, Ankl protein is markedly decreased [25—27]. 

No ankyrin mutations have been reported in hereditary elliptocytosis. 

16 . 1.3 

Ankyrin Marburg and Ankyrin Stuttgart 

Ankyrin mutations are one of the major pathogenesis for hereditary spherocytosis. 
These mutations are observed typically in the heterozygous state of this disease of 
autosomal dominant inheritance. Null mutations (frameshift and nonsense muta¬ 
tions) that result in either unstable ankyrin transcripts or truncated peptides pre¬ 
dominate in dominant hereditary spherocytosis. These ankyrin defects lead to com¬ 
bined and equivalent deficiencies of ankyrin and spectrin. Most of the null muta¬ 
tions are not detectable in reticulocyte mRNA, probably due to instability of the 
mutant transcript. The clinical phenotypes exhibit a marked variability that de¬ 
pends on different degrees of compensation for the null mutation, either from 
overproduction of normal ankyrin or diminished ankyrin degradation. 

The exact abnormalities of red cell membranes in situ in these disorders with an¬ 
kyrin defects have never been studied in detail. Therefore, patients with two an¬ 
kyrin mutations in autosomal dominantly inherited hereditary spherocytosis 
were selected to study red cell membranes per se by electron microscopy [28]. 
The first one is ankyrin Stuttgart [8] with a frameshift mutation on the ankyrin 
gene, in which two nucleotides are deleted at nucleotides 985 and 986 in codon 
329. The second one is ankyrin Marburg [8] with a frameshift mutation on the an¬ 
kyrin gene, in which four nucleotides are deleted at nucleotides 2389—2392 in 
codon 797 (Table 10.1 and Fig. 16.1). Both mutations are located at the band 3 bind¬ 
ing domain at the N-terminal region of the red cell ankyrin 1 gene. 

In the proband with ankyrin Marburg, the hemoglobin level was 7.8 g dlT 1 with 
increased reticulocytosis (7.4%), increased mean cell hemoglobin concentration 
(MCHC: 38.8%), and marked microspherocytosis (Fig. 16.2) indicating the pres¬ 
ence of moderate to severe hemolytic anemia before splenectomy. Under this un- 
splenectomized condition, the contents of ankyrin, spectrin, and band 3 were 
—55%, —38%, and —22%, compared with those in normal subjects, when they 
were determined by radioimmunoassay. 

The cytoskeletal network of the red cell membranes of the patients with ankyrin 
Marburg was examined by electron microscopy with the quick-freeze deep-etching 
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Figure 16.1 A frameshift mutation of the human erythroid ankyrin gene (ankyrin Marburg) in 
autosomal dominantly inherited hereditary spherocytosis. 


Figure 16.2 Scanning electron micrograph 
of peripheral red cells in ankyrin Marburg 
with microspherocytosis. 



method [28] (Fig. 16.3). The number of cytoskeletal units per pm 2 was 548 ± 39 in 
normal subjects, and 386 ± 20 (70.4 ± 3.6% of the normal) in the mother (pro¬ 
band), 415 ± 16 (75.7 ± 2.9%) and 393 ± 37 (71.7 ± 6.8%) in her two affected 
daughters. Therefore, the decrement of cytoskeletal proteins, especially of spectrin 
and ankyrin was also quantitatively confirmed by electron microscopy. In these cy¬ 
toskeletal networks, the small sized (20—44 nm in diameter) cytoskeletal units in 
the mother were reduced from 70 + 10 % that of normal subjects to 46 ± 5 %, con¬ 
comitant with increased medium sized (45—68 nm), and large sized (69—92 nm) 
in the mother’s red cells, suggesting that the cytoskeletal units are partly disrupted 
due to the decreased ankyrin and spectrin contents. The intramembrane particles 
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7 6.7 Ankyrin 



Normal Proband 

Figure 16.3 Disrupted cytoskeletal network in red cell membranes of hereditary spherocytosis 
with the frameshift mutation (ankyrin Marburg) examined by electron microscopy with the quick- 
freeze deep-etching method. 



Normal 


Proband 


Figure 16.4 Intramembrane particles in red cell membranes of hereditary spherocytosis with a 
heterozygous frameshift mutation (ankyrin Marburg) examined by electron microscopy with the 
freeze fracture method. 
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Normal Proband 

(Ankyrin Marburg) 

Figure 16.5 Immuno-electron micrograph of red cell membranes in the ankyrin gene mutation 
(ankyrin Marburg) examined by the surface replica method by utilizing the anti-human ankyrin 
antibody. 


(IMPs), most of which are thought to be band 3 molecules, were also examined by 
electron microscopy with the freeze fracture method (Fig. 16.4). The number of 
IMPs per pm 2 was 5367 ± 220 in normal subjects and 5442 ± 241 in the mother, 
indicating that the state of band 3 was essentially not affected. The localization of 
ankyrin molecules on the red cell membranes in situ was markedly deranged [28], 
indicating that the availability of epitopes of ankyrin molecules against the anti-an- 
kyrin antibody was extremely low compared with the protein content of ankyrin, 
when examined by immun-electron microscopy with anti-ankyrin antibody (Fig. 
16.5). This result strongly suggests that conformational change in ankyrin mole¬ 
cules is present with the frameshift mutations in ankyrin Marburg, the same as 
in ankyrin Stuttgart. 


16.2 

Protein 4.2 

16 . 2.1 

Introduction 

Protein 4.2 abnormalities of congenital origin (see Sections 6.2 and 10.4) are clas¬ 
sified into two groups, i. e.: (1) deficiency (reduced content) of protein 4.2 (Fig. 
16.6), and (2) protein 4.2 variants with normal or nearly normal protein 4.2 content 
[29-32] (Table 16.3). 




Table 16.3 Genetic and phenotypic characteristics in HS patients with protein 4.2 gene mutations. 
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c p p 



Partial Complete 

deficiency deficiency 

Figure 16.6 A partical or complete defi¬ 
ciency of protein 4.2 in red cells on the Membrane proteins were separated by the 

sodium dodecylsulfate polyacrylamide gel Fairbanks nonlinear 3. 5-1 1% polyacrylamide 

electrophoresis. C: Control, P: patient. gradient SDS slab gel electrophoresis. 


The first category of protein 4.2 deficiencies is further divided into two sub¬ 
groups: i. e.: (1) total deficiency, and (2) partial deficiency. 

16.2.2 

Total Deficiency of Protein 4.2 
16.2.2.1 Clinical Hematology 

Although a slight variation in clinical observations exists among the reported cases 
with total protein 4.2 deficiency [33—42], the characteristic clinical features are 
moderate, uncompensated hemolysis with moderate reticulocytosis, and increased 
indirect bilirubin. The hemolysis usually responds to splenectomy. Regarding cell 
hydration, the mean corpuscular hemoglobin concentration (MCHC) in protein 4.2 
deficiency is minimally elevated, in comparison with typical cases of classical, auto- 
somal-dominantly inherited HS, in which substantial microspherocytosis and in¬ 
creased MCHC are typical. In 17 cases with protein 4.2 Nippon [35], who were 
homozygotes of a missense mutation (codon 142 GCT—>ACT) of the protein 4.2 
gene, red cell counts were 3.78 ± 0.41 X 10 6 glT 1 , MCHC 34.8 ± 0.1 g dlT 1 , 
and reticulocytes 6.2 ± 2.5 %. A homozygote with protein 4.2 Komatsu [38], who 
carried a missense mutation (codon 175 GAT—»TAT) of the protein 4.2 gene, 
demonstrated lower red cell counts (3.3 X 10 6 u L 1 ), and higher MCHC 
(35.2 g dlT 1 ) and reticulocytes (12.4%). In a compound heterozygote with protein 
4.2 Nippon and protein 4.2 Shiga [37] of a missense mutation (codon 317 
CGC—>TGC) of the protein 4.2 gene, red cell counts were 4.36 X 10 6 u L 1 , 
MCHC 37.4 g dlT 1 , and reticulocytes 4.0 %. 
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Red cell morphology varies among the patients with protein 4.2 deficiency (Fig. 
16.7). Protein 4.2 Nippon [35] and protein 4.2 Komatsu [38] patients consistently 
demonstrate ovalostomatocytosis, which is characterized by the presence of elliptic 
cells (not exceeding 20 %) and stomatocytic changes superimposed on both discoid 
and elliptocytic red cells. Microspherocytosis is only minimal. Instead, red cell mor¬ 
phology in protein 4.2 Shiga [37] is characterized by microspherocytosis, which can 
barely be differentiated from that of classical hereditary spherocytosis (HS). Other 
patients with protein 4.2 deficiency have been reported as suffering from HS or the 
like in their red cell morphology. 

The indirect bilirubin level was 1.8 ± 0.9 mg dlT 1 in the reported patients. The 
osmotic fragility of the patients’ red cells was consistently increased. 


A P4.2 Komatsu 



B. P4.2 Nippon 



Figure 16.7 Red cell mor¬ 
phology in the peripheral 
blood of patients with total 
protein 4.2 deficiency ex¬ 
amined by scanning elec¬ 
tron microscopy. A: Protein 
4.2 Komatsu, B: protein 4.2 
Nippon, and C: protein 4.2 
Shiga. 
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16.2.2.2 Red Cell Membrane Proteins 

Protein 4.2 content was completely or nearly completely missing in the red cells of 
these patients (Fig. 16.8), when studied by SDS—PAGE with Coomassie blue stain¬ 
ing and also by the Western blot analysis with anti-protein 4.2 antibody. In the Nip¬ 
pon type [35], trace amounts of the 72 and 74 kD peptides were detected by immu- 
noblotting, when an excess amount (50 pg) of the ghost proteins was applied. The 
amount of the 74 kDa peptide was nearly identical to that of the 72 kDa peptide. 

This 74 kDa peptide was also detected at a trace level by immunoblotting even 
in asymptomatic heterozygous Japanese individuals who have the 142 GCT—»ACT 
point mutation. The incidence of the 74 kDa peptide in a trace amount detected in 
normal Japanese subjects was approximately 3%. The 74 kDa peptide was not 
detected in protein 4.2 Komatsu without the missense mutation of codon 142 
GCT—>ACT. In contrast, it was present among the compound heterozygous pa¬ 
tients with protein 4.2 Shiga and protein 4.2 Nippon. 

In the protein 4.2 deficiency, the content of band 3 was reduced by 10—20% that 
of the normal value. The contents of most other membrane proteins, including 
spectrin, ankyrin, and protein 4.1 were essentially unaffected. 

It has recently been shown that protein 4.2-deficient red cells lack CD 47 impli¬ 
cating an interaction between the Rh complex and the band 3 complex [82]. 

Band 
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Figure 16.8 Membrane protein ® 

profiles of red cells of patients y 

with complete protein 4.2 defi¬ 
ciency examined by sodium 
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gei electrophoresis. ( Arrow indicates deficiency of protein 4.2 ) 
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16.2.2.3 Red Cell Membrane Lipids 

The content of red cell membrane lipids (see Section 2.2) appeared to be normal in 
relation to total lipid content, free cholesterol, total phospholipids and their sub- 
fractions in the seven unsplenectomized patients with protein 4.2 deficiency, 
when studied by standard methods with thin-layer chromatography. 

In protein 4.2 deficiency [30, 31, 35] (n = 7), red cell free cholesterol (FC) content 
was 1204 ± 59 pg per 10 10 red cells, compared with 1202 ± 103 in normal controls 
( n = 152) and 1084 ± 63 in unsplenectomized HS (n = 15). The total phospholipid 
content was 2548 ± 60 in protein 4.2 deficiency, 2604 ± 241 in normal controls, 
and 2302 ± 169 in unsplenectomized HS; phosphatidylethanolamine (PE) 734 
± 48, 802 ± 79, and 668 ± 53; phosphatidylserine (PS) and phosphatidylinositol 
(PI) 436 ± 30, 367 ± 36, and 349 ± 21; phosphatidylcholine (PC) 688 ± 51, 
729 ± 60, and 664 ± 56; sphingomyelin (SM) 645 ± 20, 663 ± 67, and 589 ± 
45; lysophosphatidylcholine (L-PC) 47 ± 15, 39 ± 11, and 32 ± 7, respectively. 


16.2.2.4 Red Cell Deformability 

The membrane deformability of protein 4.2 deficient red cells has been reported as 
normal when studied in a non-stressed condition by ektacytometry [30, 31, 33, 35]. 
Under conditions with various stresses such as heat treatment, however, membrane 
deformability is distinctly abnormal [30, 31] (Fig. 16.9). Freshly drawn intact red cells 
from protein 4.2 deficient patients were studied by ektacytometry. The red cell sus¬ 
pensions were subjected to heat treatment from 37 °C up to 48 °C, and examined 
under various shear stresses (0—3000 dyn cm -2 ). Red cell deformability was ex¬ 
pressed as a deformability index. Marked impairment of red cells deformability 
was observed in the protein 4.2 deficiency especially beyond 46 °C. The deformabil¬ 
ity index in protein 4.2 deficient red cells was markedly decreased to 88 % of that of 
normal controls at 45 °C, 80 % at 46 °C, 61 % at 47 °C, and 52 % at 48 °C. The extent 
of the abnormality in the protein 4.2 deficiency was strikingly different from that in 
classical HS, in which no essential changes were observed under the same condi¬ 
tions, as was the case with normal controls [30, 31]. This finding indicates that pro¬ 
tein 4.2 deficient red cells with the 142 GCT—>ACT point mutation possess charac¬ 
teristic physiochemical properties different from those of red cells of classical HS 
with normal protein 4.2 content. Under heat treatment up to 48 °C, no marked 
changes in red cell shape (budding formation and other poikilocytic shapes) 
were observed in the deficient red cells. The MCHC was also unchanged. The con¬ 
tribution of spectrins to the marked impairment of the cytoskeleton was evaluated by 
incubating 37 °C extracted crude spectrin at various temperatures (0, 46 or 48 °C) to 
study the dimer-to-tetramer conversion (see Sections 4.1 and 11.3.2). The association 
constants (K a ) of dimer-to-tetramer conversions and the contents of high molecular 
weight (HMW) spectrin were essentially normal in these deficient red cells. In an¬ 
other experiment, tetramer-to-dimer conversion of spectrin was performed in the 
ghost membranes of red cells, which were subjected to 4, 46 or 48 °C for 10 
min. Spectrin was extracted at 4 °C, and the contents of dimer and of HMW 
were calculated yielding normal results in these deficient red cells. 
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Figure 16.9 Significantly decreased membrane deformability of protein 4.2 deficient red cells 
under heat treatment examined by ektacytometry. 


Furthermore, spectrin was extracted at 4 °C from red cell ghosts prepared from 
protein 4.2 deficient red cells treated with heat (4, 46 or 48 °C). The contents of 
dimer and of HMW were normal. These results indicate that spectrin function it¬ 
self appears to be nearly normal over a wide range of temperatures. 

Red cell deformability is chiefly dependent on the functions of the cytoskeletons 
(see Section 2.3.4.2), which are composed predominantly of spectrin in addition to 
protein 4.1 and actin. Therefore, if cytoskeletal functions are disrupted by the ab¬ 
sence of protein 4.2, the red cells should lose their normal integrity in cell deform¬ 
ability. This was found to be so with protein 4.2 deficiency after heat treatment up 
to 48 °C; the patient’s red cells became markedly rigid losing their deformability, as 
determined by ektacytometry. Nevertheless, no bud formation was observed in red 
cell morphology under light microscopy, the MCHC was unchanged with respect to 
normal cell water content, normal spectrin function was observed, and the me¬ 
chanical stability of the Triton shells was normal. 

The cytoskeletal network appears to be linked normally to the lipid bilayer mostly 
via band 3 molecules in the presence of the normal amount of protein 4.2 (see 
Sections 4.1 and 5.1), which has recently been proven to be bound directly to 
spectrin molecules [81]. However, in the absence of protein 4.2, the cytoskeletal net¬ 
work barely remains nearly normal under an unstressed condition. Once these red 
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cells are subjected to physicochemical stress, the network easily disassembles by los¬ 
ing its connection with the lipid bilayer. This seems to be a feasible interpretation 
for the abnormal red cell deformability in the protein 4.2-deficient red cells. 


16.2.2.5 Biophysical characteristics 

a) Extractability of band 3 The extractability of band 3 has been examined in pro¬ 
tein 4.2 deficient red cells. The patients’ red cell ghosts were subjected to Triton X- 
100 (0.3—1.0 %) at pH 8.0 at 4 °C for 30 min. After the incubation, band 3 extracted 
from the red cell ghosts was examined on SDS—PAGE. The extractability of band 3 
from the white ghosts was expressed as the ratio of the amount of band 3 remain¬ 
ing in the white ghosts to the amount of actin. The extractability in the protein 4.2 
deficient red cells was 43.3 ± 4.6% in 0.3% Triton X-100, 66.3 ± 6.0% in 0.5% 
and 76.7 ± 3.5% in 1.0%, compared with normal subjects (27.0 ± 2.9%, 42. 
2± 6.9% and 60.9 ± 4.3%, respectively). Therefore, the extractability was en¬ 
hanced significantly up to 60 % of the normal control. 

These observations were also confirmed by other investigators [43]. Skeletons 
from protein 4.2 deficient red cells retained a greater fraction of band 3 protein 
than did skeletons from control cells after low-salt (0 mM NaCl) extraction. In con¬ 
trast, equal fractions of band 3 protein were retained in skeletons from control and 
protein 4.2 deficient red cells after high-salt (150 mM NaCl) extraction. These re¬ 
sults were consistent with the hypothesis that protein 4.2 deficient red cells are de¬ 
pleted specifically from band 3 molecules that are either unattached or bound with 
low affinity to the membrane skeleton. 

Rybicki et al. [46] extracted band 3 using the nonionic detergent octyl-P-gluco- 
side, which selectively extracts band 3 that is not attached to the cytoskeleton 
and has been used to distinguish free band 3 from cytoskeleton-bound band 3. 
A 1 % octyl-p-glucoside detergent extracted 30 and 60 % more band 3 from protein 
4.2 Nippon and band 3 Montefiore, respectively, which demonstrated the absence 
or substantial reduction of protein 4.2. 

b) Binding of ankyrin to band 3 The inside-out vesicles (IOV) were prepared from 
protein 4.2 deficient red cells, and then ankyrin depleted IOV was prepared. An¬ 
kyrin extracted from normal subjects was added to the ankyrin-depleted IOV, 
which was prepared from normal and protein 4.2 deficient red cells. The amount 
of ankyrin that was rebound to the patients’ IOV was essentially normal. 

Other investigators noted that elutability of ankyrin existed in protein 4.2 defi¬ 
ciency, implying that protein 4.2 may stabilize ankyrin to bind to band 3 [33]. 

Red cell membranes in homozygous normoblastosis (nb/nb) mice have also 
been shown to be severely (up to 73 %) protein 4.2 deficient [44]. Reconstitution 
of nb/nb IOVs with human red cell ankyrin restored ankyrin levels to 80% of 
that of normal IOVs, and increased binding of exogenously added human red 
cell protein 4.2 by 60%. Therefore, ankyrin may be required for normal associa¬ 
tions of protein 4.2 with the red cell membrane. 


76 Abnormalities of Anchoring Proteins | 353 

The role of ankyrin in the formation and stabilization of the spectrin-based ske¬ 
letal meshwork and of band 3 oligomers was also studied. The results demon¬ 
strated that ankyrin was not required for the formation of a stable two-dimensional 
spectrin-based skeleton although it plays a major role in strengthening the attach¬ 
ment of the skeleton to the membrane bilayer. It is likely that ankyrin is required 
for the formation of stable band 3 tetramers [45]. The instability of ankyrin in pro¬ 
tein 4.2 deficiency, as described above, may be due to a secondary phenomena, in 
which essentially normal band 3 molecules become unstable in protein 4.2 defi¬ 
ciency, resulting in the instability of ankyrin. 

c) Lateral mobility of band 3 Band 3 lateral mobility is constrained in normal 
human red cell membranes by steric hindrance interactions, low affinity binding 
interactions, and high-affmity binding interactions [43] (see Section 5.1.2.5). Steric 
hindrance interactions between band 3 oligomers and the spectrin-based mem¬ 
brane skeleton put major constraints on the laterally mobile band 3 fraction, slow¬ 
ing the rate of band 3 lateral diffusion by approximately 50-fold compared with the 
predicted diffusion rate of free band 3 in membranes devoid of a functional mem¬ 
brane skeleton. The spectrin/band 3 ratio is the major determinant of the lateral 
diffusion rate of band 3 [43]. 

Fluorescence recovery after use of the photobleaching (FRAP) method has 
shown a shift in the lateral mobility of band 3 consistent with an increase in the 
mobile fraction of band 3 in membranes from individuals completely lacking pro¬ 
tein 4.2 (Fig. 16.10). The total recovery (mobile fraction), as shown, dramatically 
increased up to almost 100 % with almost complete absence of the immobile com¬ 
ponent of band 3, as compared with normal subjects, in whom the mobile fraction 
was 0.43 ± 0.11 with a lateral diffusion coefficient of (6.86 ± 1.37) X 10~ n cm 2 s _1 . 
Another common feature of the FRAP curves in these patients is that an almost 
linear slow recovery component has appeared in addition to the fast recovery com¬ 
ponent observed in normal red cell ghosts. These abnormal recovery curves sug¬ 
gest that the almost linear slow recovery is not due to simple diffusion of band 
3. Since the immobile component in normal ghosts is assigned to the band 3 
that is bound to ankyrin, the recovery curves suggest that, in protein 4.2 deficiency, 
the band 3 that was bound to ankyrin was mobile in the FRAP measurements. 

This, in turn, suggests that, in the absence of protein 4.2, dissociation of band 3 
from ankyrin and reassociation of band 3 to ankyrin occurs frequently, and is de¬ 
tected as a slow mobile fraction in FRAP measurements [30, 31, 35]. In contrast, in 
the presence of protein 4.2 in normal red cell ghosts, binding of band 3 to ankyrin 
is stable, dissociation does not occur during FRAP measurements, and the band 3 
that is bound to ankyrin is detected as an immobile component. In addition, the 
fraction of the fast mobile component of band 3 has been reported to be somewhat 
decreased in protein 4.2 deficient ghosts [30, 31, 35]. This change may be due to 
increased oligomerization of band 3, which was suggested by increased larger in¬ 
tramembrane particles, since it has been shown that increased oligomerization of 
band 3 decreases the mobile fraction of FRAP curves of band 3 in normal red cell 
ghosts. 
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TIME AFTER PHOTO BLEACHING (SECOND) 

Figure 16.10 Marked increase of a mobile fraction of band 3 with much slower recovery in the 
red cells of the protein 4.2 deficiency examined by the fluorescence recovery after the photo- 
bleaching method. A shaded area denotes a normal range. 


This observation has been further extended and reconfirmed by other investiga¬ 
tors [43]. The lateral diffusion coefficient of band 3 in membranes of protein 4.2 
deficient red cells was approximately two-fold greater than the control values. In 
contrast, the lateral mobility of neither glycophorins nor a fluorescent phospholipid 
analog was altered in protein 4.2 deficient red cells. The increase in the band 3 lat¬ 
eral diffusion coefficient suggests that low-affinity binding interactions are signifi¬ 
cantly perturbed in protein 4.2 deficient red cells, and it is likely that the absence of 
protein 4.2 results directly in a decreased number of low-affinity binding sites for 
band 3 on the membrane skeleton [43]. 

Rotational mobility of band 3 Band 3 rotational mobility is constrained in normal 
red cell membranes by low-affinity and high-affinity binding interactions (see Sec¬ 
tion 5.1.2.5). The rotationally immobile band 3 fraction apparently represents indi¬ 
vidual band 3 molecules bound with high affinity to ankyrin. The rapidly rotating 
band 3 fraction consists of dimers, tetramers, and higher order oligomers of band 3 
that are free from rotational constraints other than the viscosity of the lipid bilayer. 
The slowly rotating band 3 fraction is less well-defined. Rotational constraints ap¬ 
plied by low-affinity binding interactions between ankyrin-linked band 3 and other 
band 3 molecules, and between the cytoplasmic domain of band 3 and membrane 
skeletal proteins (ankyrin, protein 4.1 and protein 4.2) have been invoked. Steric 
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hindrance interactions are not important in constraining band 3 rotational mobi¬ 
lity. 

The rotational mobility of band 3 in protein 4.2 deficient red cells has been stud¬ 
ied by three groups [43, 46, 47]. 

Golan et al. [43] reported that, compared with control red cells, protein 4.2 defi¬ 
cient red cells manifested a significant shift from slowly rotating and rotationally 
immobile populations of band 3 to a rapidly rotating population, consistent with 
the interpretation that low-affinity binding sites for band 3 are decreased on the 
membrane skeleton of protein 4.2 deficient red cells. A significant increase was 
also noted in the correlation time of the rapidly rotating band 3 population in pro¬ 
tein 4.2 deficient red cells compared with control red cells. These results indicate 
that there is a shift from a lower to a higher order state of band 3 oligomerization 
in protein 4.2 deficient red cells, and that free band 3 dimers are lost preferentially 
in these red cells, leading to a larger average size of intramembrane particles visua¬ 
lized by freeze fracture electron microscopy [35, 48]. These results suggest that pro¬ 
tein 4.2 deficiency acts primarily to destabilize a fraction of band 3 molecules, re¬ 
sulting in loss of band 3 and possibly of the membrane. 

The same observations were made by Rybicki et al. [46]. Band 3 in both protein 
4.2 Nippon (>99% protein 4.2 deficient) and band 3 Montefiore (—88% protein 
4.2 deficient) ghost membranes showed an increased rotational freedom as com¬ 
pared with band 3 in control ghosts. The primary effect was a shift from slower-ro¬ 
tating and immobile fractions to more mobile, faster decay terms for these two 
phenotypes of protein 4.2 deficiency. 

Contrary to these two reports [43, 46], Wyatt and Cherry [47] concluded that pro¬ 
tein 4.2 had no effect on the rotational mobility of band 3. Possible reasons for 
these discrepancies may be a difference in the experimental conditions. In the 
cases of Wyatt and Cherry, protein 4.2 was not completely depleted, whereas, in 
the two other reports, protein 4.2 was almost totally absent. 


16.2.2.6 Membrane Transport 

a) Sodium transport Sodium transport (see Section 2.3.4.3, Various channels) was 
examined in red cells washed with 0.154 M Na/K phosphate-buffered saline solu¬ 
tion (pH 7.4) and glucose (250 mg dlT 1 ). After incubation of the red cells with 22 Na 
at 37 °C for 2 h, the radioactivity of the 22 Na remaining in the incubated red cells 
was counted (sodium influx). Na efflux was determined by incubating the 22 Na-la- 
beled red cells at 37 °C for a further 2 h in the presence or absence of 1.08 mM 
ouabain in buffer not containing 22 Na. The extent of Na efflux was calculated 
from the radioactivities in red cells before and after incubation. Red cell sodium 
and potassium were determined by flame spectrophotometry. 

Sodium influx was moderately increased in the protein 4.2 deficient red cells (1.80 
± 0.32 mM IT 1 red cells per hour) [30, 31, 35] compared with normal subjects (1.29 
± 0.14). Under the same conditions, Na influx was, respectively, 2.35 + 0.45 and 1.96 
± 0.34 before and after splenectomy in patients with hereditary spherocyiosis (HS). 


356 


76.2 Protein 4.2 


Total sodium efflux was markedly increased in the protein 4.2 deficient red cells 
(7.2 ± 1.1 mM IT 1 red cells per hour) [30, 31, 35] compared with normal subjects 
(2.4 ± 0.5). The increment was much more striking than that in the conditions 
before (4.4 ± 1.1) and after (3.6 ± 0.8) splenectomy in classical HS. Na efflux in 
the protein 4.2 deficiency was increased in both the ouabain-sensitive and oua¬ 
bain-insensitive sodium efflux. 

Red cell sodium [Na] content was significantly elevated (15 ± 4 mM) as com¬ 
pared with normal subjects (10 ± 4), the same as it was in unsplenectomized 
HS patients (16 ± 7) [30, 31, 35]. Red cell potassium [K] content was diminished 
(81 ± 8 mM) as compared with normal subjects (90 ± 5), the same as it was in 
unsplenectomized HS patients (82 ± 9) with overt hemolysis. 

Ouabain-sensitive Na efflux acting as the Na/K pump in the red cells of protein 4.2 
deficiency has recently been shown to be increased (21.4 ± 1.5 mmol kg -1 Hb _1 h), 
compared with 15.2 ± 1.9 in normal controls [49]. Bumetanide-sensitive Na efflux 
and bumetanide-sensitive K efflux, and Na/Li exchange, as Na/K/2C1 cotransport, 
were basically normal [49]. Volume-chloride K efflux as the K/Cl cotransport was 3.6 
± 0.3 mmol kg -1 Hb _1 -h in protein 4.2-deficiency, compared with 6.5 ± 1.2 in nor¬ 
mal subjects [49]. Overall Na influx and K efflux as the membrane passive perme¬ 
ability were 33.1 ± 4.1 and 7.2 ± 2.3 mmol kg -1 Hb _1 h in protein 4.2 deficiency, 
compared with 15.4 ± 2.7 and 2.1 ± 0.2 in normal subjects [49]. Red cell sodium 
content (38.1 ± 2.3 mmol kg -1 Hb _1 ) was increased and potassium content (230 ± 
6 mmol kg -1 Hb _1 ) were decreased in protein 4.2 deficiency, compared with Na (27.2 
± 2.3) and K (287 ± 10) in normal subjects [49]. Increased membrane passive per¬ 
meability to cations was observed to the same extent amongst HS with band 3 de¬ 
ficiency, with ankyrin and spectrin deficiency, or with protein 4.2 deficiency [49], 
independent of a specific membrane protein defect. Therefore, it may be speculated 
that cytoskeletal dysfunction per se may alter the permeability barrier of the red cell 
membrane. 

The above-mentioned interpretation is supported by increased cation membrane 
permeability, which has been reported in various spherocytic mouse red cells [50]. 
Red cell sodium contents in homozygous sph ha /sph ha , sph/sph, and nb/nb mice 
were 30.1 ± 0.9, 28.9 + 0.3, and 26.9 ± 1.5 mmol L 1 red cells, respectively, com¬ 
pared with normal subjects (11.3 ± 0.7) [50]. Red cell potassium contents were 102 
± 2.6, 101 ± 7.8, and 97.4 ± 3.0, compared with normal subjects (123 ± 10) [50]. It 
has been found that sph/sph exhibit only a trace of spectrin a-chain with defective 
transcription, processing or stability of a-spectrin mRNA, that sph ha /sph ha appar¬ 
ently produces an unstable a-chain with 20 to 30 % of the normal spectrin comple¬ 
ment and somewhat more p-spectrin than a-spectrin present, and that nb/nb re¬ 
sults in reduced levels of ankyrin mRNA with almost complete absence of the 
210 kDa protein in red cells and about a 50% decrease in spectrin, presumably sec¬ 
ondary to the loss of spectrin binding sites. Sodium uptake by red cells was 14.8 ± 
1.6, 15.4 ± 3.3, and 14.7 ± 3.1 mmol IT 1 red cells per hour in sph ha /sph ha , sph/ 
sph, and nb/nb mutants, compared with normal subjects (3.9 ± 1.0). Potassium 
loss from red cells was 17.0 ± 4.0, 15.0 ± 3.8, and 14.1 ± 2.6 in sph ha /sph ha , 
sph/sph, and nb/nb, compared with normal subjects (6.0 ± 2.1) [50]. The red 


76 Abnormalities of Anchoring Proteins | 357 

cells of these mutant mice with dysfunctional membrane skeletons have increased 
passive permeability to monovalent cations, suggesting that the membrane skele¬ 
ton may be critical for maintenance of the membrane permeability barrier. 

In the red cells of human protein 4.2 deficiency, a marked derangement of the 
cytoskeletal network has been verified by electron microscopic studies. The cation 
transport abnormalities may be produced by an abnormal cytoskeletal network due 
to the total absence of protein 4.2. 

b) Anion transport Red cell anion exchange (see Section 5.1.2.4) has been shown 
to be sensitive to inhibition by stilbenedisulfonates. Band 3 has two distinct do¬ 
mains, i. e., the cytoplasmic domain and the transmembrane domain. The 
55 kDa transmembrane domain contains an anion-transporting site and can med¬ 
iate anion exchange independently of the cytoplasmic domain. The cytoplasmic do¬ 
main also has a distinct binding site for protein 4.2. Increasing amounts of protein 

4.2 complexed with band 3 have been shown to cause a decrease in band 3 
mediated anion transport [51]. The inhibitory effect of protein 4.2 on band 3 
mediated anion transport appears to be specific. The specific interaction of protein 

4.2 with the cytoplasmic domain of band 3 causes reduction of its anion transport 
capacity. Protein 4.2 appears to have a possible heterotropic allosteric modulator of 
band 3 anion transport [51]. 

In fact, a marked increase in diisothiocyanodehydrostilbene disulfonate 
(H 2 DIDS) sensitive sulfate influx has been observed in the red cells of protein 

4.2 deficiency, while no remarkable changes in maximal inhibitory H 2 DIDS con¬ 
centration between normal subjects and protein 4.2 deficient patients is evident 
[49]. Maximal sulfate influx in protein 4.2 deficiency ranged between 19.8 and 
47.4 mmol sulfate per 10 13 cellsh compared with normal subjects (11.4—14.1). 
Maximal inhibitory H 2 DIDS concentration in protein 4.2 deficiency was from 2.0 
to 2.5 pM, compared with normal controls (2.5 to 3.0). Therefore, the ratio between 
sulfate flux and the maximal inhibitory H 2 DIDS concentration ranged from 8.6 to 
20.6, in protein 4.2 deficiency compared with normal subjects (4.3 to 4.7), indicat¬ 
ing a four-fold increase in activity of the anion transport by band 3 molecules [49]. 
Therefore protein 4.2 may act as a negative modulator of band 3 mediated anion 
transport. 

However, another study has reported that anion transport in protein 4.2 deficient 
red cells was normal, and that protein 4.2 did not appear to be required for band 3 
anion transport activity [46]. In this study, the calculated maximal rate (V max ) and 
K m from the Michaeles—Menton equation in protein 4.2 Nippon were 
0.24 X 0.02 pmol mlT 1 packed red cells per minutes and 7.0 ± 1.8 mmol IT 1 , com¬ 
pared with 0.25 ± 0.02 and 6.2 ± 1.3 in normal subjects [46]. Therefore, the role of 
protein 4.2 in anion transport by band 3 still remains to be elucidated. 
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16.2.2.7 Ultrastructure of Red Cell Membranes In Situ 

Electron microscopic studies have been carried out to elucidate the abnormalities 
of red cell membrane ultrastructure in situ in total protein 4.2 deficiency [48]. 
For this purpose, three independent probands were selected, i. e.: 1) a clinically 
most severely affected protein 4.2 Komatsu [38] proband with a 175 GAT—»TAT 
mutation (in exon 4) with the total absence of protein 4.2 protein, 2) a moderately 
severely affected protein 4.2 Nippon [35] proband with a 142 Ala—>Thr mutation (in 
exon 3) with an almost missing protein 4.2 protein, and 3) a protein 4.2 Shiga [37], 
a compound heterozygote with a 317 Arg—»Cys mutation (in exon 7) and 142 
Ala—>Thr (in exon 3) in trans with protein 4.2 protein in a trace amount, with 
rather mild clinical severity. 

a) Abnormalities of intramembrane particles (IMPs) Intact red cells were subjected 
to electron microscopic studies using the freeze fracture method (see Section 
3.2 3). In normal subjects, the number of IMPs was 5210 ± 389 pm -2 , of 
which approximately 80% were basically small (4—8 nm) in size. In the red 
cells of protein 4.2 deficiency of the three types, on the other hand, the number 
of IMPs had decreased to 4464 ± 353 grrT 2 in the Nippon type, 4625 ± 381 in 
protein 4.2 Shiga, and 2975 ± 310 in protein 4.2 Komatsu [48] (Fig. 16.11). There¬ 
fore, the decrement in the number of IMPs was most marked in protein 4.2 Ko¬ 
matsu. The decreased number of IMPs appeared to be derived from a decreased 
number of IMPs of small size in association with an increased number of IMPs of 
medium (9—20 nm) and large size (>21 nm). The condition of IMPs was found to 
be most affected in protein 4.2 Komatsu, as judged by a decreased number of 



Normal 


4.2 Komatsu 


Nippon Type 


4.2 Shiga 


Figure 16.11 Electron micrographs of red 
cell membranes made by the freeze fracture 
method showing the distribution and size of 
IMPs in red cells with protein 4.2 deficiencies. 
The decreased number and increased size of 
IMPs are shown representatively in protein 4.2 
Komatsu, protein 4.2 Nippon, and protein 4.2 


Shiga, compared with the normal controls (far 
left). Increased sizing of each IMP associated 
with a decrease in the number is clearly ob¬ 
served to the greatest extent in protein 4.2 
Komatsu, and to a lesser extent in protein 4.2 
Nippon and least in protein 4.2 Shiga. 
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IMPs with a marked shift to ones of a large size, probably indicating increased 
oligomerization of band 3 in situ [48]. The extent of the abnormalities was less 
in protein 4.2 Nippon and the least in protein 4.2 Shiga, although these abnorm¬ 
alities were still demonstrated more than they were in normal controls. It could be 
speculated that the total absence of protein 4.2 in protein 4.2 Komatsu may pro¬ 
duce the most serious derangement in its interaction with band 3 molecules [48]. 
There may be less serious effects with the other two mutations because of the 
presence of protein 4.2 even in a trace amount. Another speculation can be 
made that codon 175 of protein 4.2, as seen in protein 4.2 Komatsu, may be 
most important as the binding site of protein 4.2 to band 3, and that other codons 
(142 or 317) as in protein 4.2 Nippon or protein 4.2 Shiga may be important, but 
to a lesser extent. 

The significant contribution of protein 4.2 to the biophysical properties of band 3 
was proven by utilizing inside-out vesicles (IOVs) of normal controls and those of 
protein 4.2 deficiency [48]. In protein 4.2 deficiency, the distribution pattern of 
IMPs was totally deranged in IOVs, which were prepared from red cell ghosts of 
protein 4.2 Nippon, compared with those in the normal controls. When spectrins 
and membrane proteins other than band 3 were stripped from the IOVs at pH 11 
in the normal controls, this experimentally produced 4.2 deficiency demonstrated a 
markedly abnormal aggregation of band 3, which was the same as that in protein 
4.2 deficient patients [48]. Therefore, it is clear that protein 4.2 should have the abil¬ 
ity to maintain normal distribution of IMPs in situ, in which band 3 accounts for 
approximately 80%. 

b) Abnormalities of the cytoskeletal network The cytoskeletal network has also been 
examined by electron microscopy using the quick-freeze deep-etching method 
(QFDE) method [48] (see Section 3.2.2). This procedure demonstrated that the fila¬ 
ments (mostly spectrins) of the intact cytoskeletal network in normal subjects were 
present in multistereotactic dimensions rather than in a single plane. The fila¬ 
ments in the normal subjects were 48 + 9 nm in length and 7+1 nm in diameter, 
and appeared to be in a folded configuration [48]. The cytoskeletal network in nor¬ 
mal red cells showed a fairly uniform distribution of filamentous structures and 
also uniformity of apparent branchpoints of the filamentous elements in an essen¬ 
tially orderly fashion. The cytoskeletal network in the normal subjects showed nu¬ 
merous basic units, resembling “cages”, the number of which was 539 ± 20 pur 2 . 

The “cage”-like structures consisted essentially of two major types of units, i. e., 
small (20—44 nm) and medium (45—68 nm) sized units as determined by the in¬ 
terdistance (or diameter) of the longer axis of each structure. In the normal sub¬ 
jects, two-thirds of these units were of small size (66 ± 9%), and the remaining 
one-third were of medium size (30 ± 6%). There were only a few large sized 
units (4 ± 1 %) in the normal subjects [48]. 

In contrast, in protein 4.2 deficiency, the uniform distribution of filamentous 
structures was lost, and apparent branchpoints of the filamentous elements were 
markedly distorted or disrupted. The extent of the abnormalities of the cytoskeletal 
network appeared most marked in protein 4.2 Komatsu, and less in protein 4.2 
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Nippon and protein 4.2 Shiga [48] (Fig. 16.12). The abnormalities of the cytoskele- 
tal network in protein 4.2 deficiencies were semiquantitated by counting the num¬ 
ber of apparent cytoskeletal units still left as almost recognizable and tolerable for 
these counting procedures. The number of these cytoskeletal units was markedly 
reduced in 4.2 Komatsu (195 ± 38 pm -2 ), less in Nippon type (282 ± 27 pm -2 ), 
and least in 4.2 Shiga (339 ± 35 pm -2 ) [48]. 

The relative size distribution of these cytoskeletal units was also semiquantitated 
by measuring the interdistance (or diameter) of the longer axis in each unit. In pro¬ 
tein 4.2 deficiencies, the cytoskeletal units of basic small size (20—44 nm) were 
markedly reduced in 4.2 Komatsu (25 ± 4%), in Nippon type (27 ± 5%), and 
in 4.2 Shiga (34 ± 5%), compared with the normal controls (66 ±9%) [48]. In 
their place, units of large size (69—92 nm) and of extra-large size (93—180 nm), 
which were essentially not present in the normal subjects, were greatly increased 
in these protein 4.2 deficiencies [48]. 

It is worth noting that the cytoskeletal network was markedly disrupted in the 
protein 4.2 deficiencies, as evaluated by the number of cytoskeletal units left, the 
relative size distribution of these units, and the discontinuation of fibrous fila¬ 
ments. The most striking abnormality of the cytoskeletal network was the dis¬ 
ruption of the basic units of the network, as evaluated by the decreased number 



Figure 16.12 Electron micrographs of red cell 
membrane skeletons made by the quick-freeze 
deep-etching method in red cells with protein 
4.2 deficiencies. Markedly disrupted cytoskele¬ 
tal networks are shown representatively in pro¬ 
tein 4.2 Komatsu (b), protein 4.2 Nippon (c), 


and protein 4.2 Shiga (d), compared with the 
normal control (a). The basic units of the cy¬ 
toskeletal network were significantly disrupted 
in protein 4.2 Komatsu, and also distorted in 
protein 4.2 Nippon and in protein 4.2 Shiga. 
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of these units in the protein 4.2 deficiencies [48]. The number of the apparent 
units was decreased to one-third, especially in 4.2 Komatsu, as compared with 
that in the normal controls [48]. The contents of the cytoskeleton-related mem¬ 
brane proteins (spectrins, ankyrin, actin, and protein 4.1) were essentially normal 
on SDS—PAGE in these patients with protein 4.2 deficiencies. Therefore the de¬ 
creased number of apparent basic units of the cytoskeletal network should indi¬ 
cate a marked instability of the network under conditions of the absence of pro¬ 
tein. This interpretation is supported by findings regarding the relative size dis¬ 
tribution of the cytoskeletal units, as judged by the interdistance (or diameter) 
of the longer axis of these units. In the protein 4.2 deficiencies, the units of 
small size (20—44 nm), which are the major structure (as 66% of the total 
units in number) under normal conditions, were reduced to only 25—34% of 
the total units, in association with a marked increment of large (69—92 nm) 
units and even of extra-large (93—180 nm) sized units. The disruption was the 
most marked in protein 4.2 Komatsu, and less in protein 4.2 Nippon and protein 
4.2 Shiga [48], 

c) Important role of protein 4.2 in stabilizing the cytoskeletal network by its binding to 
band 3 Under normal conditions, the cytoskeletal network is believed to be stabi¬ 
lized by binding to band 3 molecules tightly via ankyrin (see Chapters 4, 5 and 6). 
Two-thirds of band 3 is immobilized by this binding, but the other one-third is mo¬ 
bile and unfixed without binding to the cytoskeletal network. In the absence of pro¬ 
tein 4.2, the cytoskeletal network appeared to become extremely unstable due to the 
loss of the integrity of its basic small units, resulting in disruption of the intercon¬ 
nected structure of the cytoskeletal network [48]. Under this pathological condition 
with a markedly impaired cytoskeletal network, band 3, two-thirds of which is nor¬ 
mally connected with the cytoskeletal network mainly via ankyrin, should lose its 
binding to the network and become unfixed and mobile. It is known that free band 
3 molecules tend to aggregate or cluster. The increased large sizes of the IMPs in 
the protein 4.2 deficiencies may be the result of aggregation and/or clustering of 
these increased mobile band 3 molecules, which were initially immobile band 3 
bound to the cytoskeletal network [48]. The aggregated or clustered band 3 should 
naturally produce a decrease in the apparent number of IMPs. 

It has also been shown that band 3 has binding properties to ankyrin, which 
binds to (3-spectrin (see Section 5.1.2). The bindings probably enhance the vertical 
stability of the cytoskeletal network. In the three probands with protein 4.2 defi¬ 
ciencies, the contents of the cytoskeletal proteins and of ankyrin were essentially 
normal. Therefore, the stability of the cytoskeletal network should have been main¬ 
tained normally in the presence of band 3 and ankyrin, independent of the pres¬ 
ence or absence of protein 4.2, if protein 4.2 itself does not have its direct binding 
to the cytoskeletal network. However, in protein 4.2 deficiency, in which band 3 and 
ankyrin are present normally, marked instability of the cytoskeletal network was 
observed [48]. Therefore, it is very likely that protein 4.2 should have its direct bind¬ 
ing to the cytoskeletal proteins, especially to spectrins, although the tertiary struc¬ 
ture of the protein 4.2 molecule has not been elucidated. A protein 4.2 deficient 
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No treatment Treated at 48 "C 



Figure 16.13 Schematic demonstrations of 
disorganization of the cytoskeletal network and 
integral protein (band 3) in red cells of protein 
4.2 deficiency with the protein 4.2 gene muta¬ 
tion as studied by electron microscopy with the 
surface replica method and the freeze fracture 
method. Human intact red cells of homozygous 
patients with protein 4.2 deficiency were treated 
by heat at 48 °C for 10 min. The results were 
compared with those in the same red cells with 
no heat treatment (4°C). Intramembrane par¬ 
ticles (IMPs) were examined by electron mi¬ 
croscopy with the freeze fracture method, and 
the cytoskeletal network was studied by electron 


microscopy with the surface replica method. 
Ankyrin, protein 4.1 and other membrane pro¬ 
teins except for band 3 are intentionally omitted 
for better illustrations on IMPs and the cyto¬ 
skeletal network. Solid lines in this schematic 
diagram indicate the normal undisrupted cy¬ 
toskeletal network, and dotted lines indicate the 
possibly disrupted cytoskeletal network. Dark 
blobs represent the aggregates of cytoskeletal 
proteins. Marked aggregates like silver thistles 
appeared with extensive disruption of cytoske¬ 
letal network, as shown in the actual electron 
micrograph. An increased oligomerization of 
band 3 is also shown schematically. 


state should also produce aggregation or clustering of IMPs, probably by increasing 
free mobile band 3. 

In summary, direct evidence of an impaired cytoskeletal network and of abnormal 
IMPs was shown in protein 4.2 deficiency by utilizing three probands with different 
mutations of the protein 4.2 gene. In the structure of protein 4.2, the aspartic acid at 
codon 175 may be one of the most important factors for maintaining its cellular 
function, along with alanine at codon 142 and arginine at codon 317. These results 
clearly indicate that protein 4.2 plays an important role in maintaining the integrity 
of normal IMPs and a normal cytoskeletal network in situ (Fig. 16.13). 
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16.2.2.8 Protein 4.2 Gene Mutations 

a) Protein 4.2 gene mutations in human beings (see Sections 6.2.4 and 10.4) Eight 
types of total protein 4.2 deficiency due to mutations of the protein 4.2 gene have 
been identified (Table 16.3) [34, 36—42], i. e., four missense mutations, two frame- 
shift mutations, one nonsense mutation, and one donor site mutation due to intro- 
nic substitutions. Therefore, missense mutations are predominant, especially allele 
protein 4.2 Nippon (142 GCT—>ACT: Ala—TThr), which has been observed in 17 pa¬ 
tients of 13 kindreds amongst 28 patients of 19 kindreds with complete protein 4.2 
deficiency. These protein 4.2 gene mutations have been found mostly or nearly ex¬ 
clusively in the Japanese population, i. e.: protein 4.2 Nippon [33—35], protein 4.2 
Shiga [37], protein 4.2 Komatsu [38], protein 4.2 Fukuoka [36], and protein 4.2 
Notame [41]. Only three mutations have been observed in the non-Japanese po¬ 
pulation, i. e.: protein 4.2 Tozeur in Tunisia (310 CGA—»CAA) [40] and protein 
4.2 Lisboa in Portugal (88 AAG GTG—>AAG TG) [39] in addition to a few Italian 
Caucasian patients who were a homozygous protein 4.2 Nippon and protein 4.2 
Nancy in France [42]. 

Among these protein 4.2 gene mutations, the mutation of the Nippon type (142 
GCT—>ACT) is most important in the Japanese population, because it is involved in 
homozygotes of protein 4.2 Nippon, and also in compound heterozygotes of pro¬ 
tein 4.2 Shiga with 317 (CGC—>TGC), protein 4.2 Fukuoka with 119 (TGG—7TGA), 
and protein 4.2 Notame with G—>A at the intron 6 donor site. 

The mutations of the protein 4.2 gene appear to be clustered around exon 3 and 
at the 5’ side of exon 7. Interestingly, no mutation has been reported from exon 8 to 
exon 13 at the C-terminus. Therefore, the regions around exons 3 and 7 could be 
biologically important as so-called “hot spots”. An experiment with the targeted 
protein 4.2 gene for its knock-out mice has recently been designed based on 
these observations [52]. 

Allele frequency of the Nippon type (142 GCT—»ACT) appears to be around 3 % 
in the normal Japanese population [29—31]. 

Complete protein 4.2 deficiency appears to be transmitted by autosomal reces¬ 
sive inheritance, and most patients have been homozygotes or compound hetero¬ 
zygotes of missense mutations on the protein 4.2 gene [29]. Therefore, sole hetero¬ 
zygotes of these missense mutations have been asymptomatic with nearly normal 
protein 4.2 content in red cells. 

In two patients with protein 4.2 doublet Nagano, in which two protein 4.2 pep¬ 
tides of 72 kDa and 74 kDa were expressed in nearly equal amounts, the mutation 
of the protein 4.2 gene (488 CGT—>CAT in exon 10) was linked to this abnormality 
by heterozygotes in the family members [53]. 

b) A null mutation (4.2 -/ ) of protein 4.2 in mice The red cell membrane protein 
4.2 gene (Epb 4.2) has recently been targeted in embryonic stem (ES) cells to create 
a null mutation (4.2~ /_ ) in mice [52]. The mouse Epb 4.2 is —22 kb in length and 
consists of 13 exons (see Section 6.2.4.3). A fragment extending from intron 3 to 
exon 8 was replaced by a neomycin-resistant cassette, removing exons 4 through 
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7 and part of exon 8. Homozygous null mutations were not distinguishable from 
normal littermates by phenotype at any age. Genotyping revealed the expected 
Mendelian frequency of homozygous null (4.2 _/ ~; 23%), heterozygous (4.2 +/ ~; 
51%), and wild-type (4.2 + ^ + ; 26%) offspring from heterozygous mating pairs [52]. 

Protein 4.2 was not detected in 4.2 _/ ~red cell ghosts on Coomassie blue-stained 
SDS—PAGE gels or by Western blotting [52]. No protein 4.2 mRNA was detected by 
Northern blot analysis of 4.2 _/ ~ newborn reticulocyte RNA [52]. The protein 4.2/ 
spectrin ratios were 0.14 ± 0.01 in 4.2 + ^ + and 0.10 ± 0.01 in 4.2 + /~, indicating 
that the content of protein 4.2 in red cells of heterozygotes (4.2 +/ ~) was decreased. 

Hematologically, 4.2 _/ ~ mice had mild hereditary spherocytosis (HS) [52]. Red cell 
counts and hematocrits were significantly reduced in 4.2 _/ ~ mice (9.7 ± 0.2 X 
10 12 L _1 and 44.7 ± 0.9% versus 10.4 ± 0.2 X 10 12 IT 1 and 51.8 ± 0.7% in 
4.2 +/+ mice). Reticulocyte percentages in 4.2 _/ ~ mice were 5.5 ± 0.8% compared 
with 2.5 ± 0.1 in 4.2 +/+ mice. The mean cell volume (MCV) and mean cell hemo¬ 
globin concentration (MCHC) were 46.3 ± 0.7 fL and 34.5 ± 0.5 %, respectively, 
compared with 49.9 ± 0.8 fL and 31.9 + 0.4% in 4.2 +/+ mice. All hematological 
parameters were normal in 4.2 +/ ~mice. Red cell morphology demonstrated the pres¬ 
ence of spherocytosis in 4.2 _/ ~ mice [52], and both normal biconcave red cells and 
intermediate, cup-shaped cells in 4.2 +/ ~ mice. The deformability index was lower 
than normal in 4.2 +/ ~ red cells and was further decreased in 4.2 _/ ~ mice [52]. 

In protein chemistry, the band 3 content of 4.2 _/ ~ red cells appeared to be de¬ 
creased on SDS—PAGE gels and Western blots [52]. The band 3/spectrin ratio 
was 1.00 ± 0.03 in 4.2~ /_ mice and 1.19 ± 0.07 in 4.2 + ^ + mice. Net DIDS-sensitive 
sulfate influx was decreased to —60 % of the wild-type in 4.2 _/ ~ mice. In 4.2 + ^~ red 
cells, the band 3/spectrin ratio was also decreased (1.12 ± 0.04), and the net DIDS- 
sensitive sulfate influx was —80% of normal. In 4.2 _/ ~ red cells, normal amounts 
of spectrin, ankyrin, protein 4.1, p55, and glycophorin C were observed. 

Ultrastructurally, a normal membrane skeleton has been reported to be as¬ 
sembled in 4.2red cells, despite the absence of protein 4.2 and partial band 3 
deficiency [52]. However, the decreased number of intramembrane particles 
(IMPs) that remained were clustered in 4.2 _/ ~ red cells [52]. It was speculated 
that this was due to destabilization of the membrane because of a lack of horizontal 
lipid—protein interactions in those areas that were relatively devoid of integral 
membrane proteins within the bilayer. 

In 4.2 _/ ~ red cells, the Na + content was increased and the K + content was de¬ 
creased [52]. The absolute K + loss exceeded the Na + again, resulting in dehydra¬ 
tion. No abnormalities in the Na + and K + contents were observed in 4.2 + / - red 
cells. The maximal rates of the Na/K pump were identical among the three geno¬ 
types. There was a small but significant increase in the activity of the K-Cl cotran¬ 
sporter (Cl-dependent efflux), significant increases in the activities of the bumeta- 
nide-sensitive Na-K-2C1 cotransporter and calcium-stimulated K + efflux (Gardos) 
channel, a dramatic increase in the activity of the Na/H exchanger, a small increase 
in passive Na + permeability, and normal passive K + permeability in 4.2 _/ ~ red cells 
[52]. The increased transport activities and passive Na permeability observed in 
4.2 _/ ~ red cells were due to increased sensitivity to cell shrinkage. It has been 
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shown that increased Na-K-2C1 cotransporter and Na/H exchanger activities corre¬ 
late with a net increase in phosphorylation. In 4.2 _/ ~ red cells, cytosolic protein ki¬ 
nase C (PKC) was significantly decreased with decreased PKC-a and PKC-fSI iso¬ 
forms but normal PKC-ffll [52]. Cytosolic protein kinase A (PKA) activity was in¬ 
creased in 4.2 _/ ~ red cells. Basal phosphorylation was increased and PMA-stimu- 
lated phosphorylation was reduced in 4.2 _/ ~ red cell membranes, in which cytoso¬ 
lic casein kinase I (CKI) activity was normal with decreased cytosolic CKII [52]. The 
functional significance of these findings remains to be elucidated in the future. In 
addition, the contribution of partial band 3 deficiency to 4.2~ /_ red cell cation trans¬ 
port is also unknown. 

In nonerythroid expression of protein 4.2, protein 4.2 was present in normal pla¬ 
telets and absent from 4.2 _/ ~ platelets, indicating that protein 4.2 in a platelet was a 
product of the same gene (Epb 4.2) as was red cell protein 4.2 [52]. A normal plate¬ 
lets count, however, was observed (1112 ± 130 X 10 3 pIT 1 in 1177 ± 108 in 

4.2 +/ ~) [52]. Histological examination of brain, spinal cord, heart, lung, liver, kid¬ 
ney, intestine, and muscle revealed no overt pathological change in 4.2 _ ^ _ mice at 
two or nine months of age [52]. 

In summary, most of the observations in 4.2 knock-out mice are compatible and 
confirmatory with those observed previously in human patients with total deficiency 
of red cell protein 4.2 [29—31, 33—44, 46—48]. Some findings, however, differ from 
those in human cases, especially in heterozygotes [29—31, 35, 48]. Human hetero¬ 
zygotes were totally silent in clinical hematology with normal red cell indices and 
normal reticulocyte counts [29—31]. In addition, no abnormalities were observed in 
red cell membrane proteins, even in protein 4.2 content and red cell cation content 
[29—31]. These minor discrepancies could be due to a species difference in some part 
and also to the artificial gene manipulation in the protein 4.2 knock-out mice. 
Considering the evaluation of the tremendous instability of skeletal network 
especially under heated conditions, which was observed in human protein 4.2 
deficiency [29—31, 35, 48], the authors did not perform these experiments in 
4.2^” mice [52]. 


16.2.2.9 Band 3 Gene Mutations 

Band 3 is one of a family of anion exchanger (AE) genes (see Sections 5.1 and 
15.1). AE1 is expressed in red cells and also in both mouse and human kidney 
as an alternative isoform that utilizes a downstream start codon and excludes 
exons 1 to 3 [54]. These exons encode amino acids involved in membrane ske¬ 
leton binding [55], and recent evidence confirms that this function is lacking in 
the truncated kidney isoform [56, 57]. AE2 is ubiquitously expressed but is par¬ 
ticularly prominent in the gastrointestinal tract and choroids plexus, while AE3 
is expressed in brain neurons, the retina, heart, and kidney [58]. The mem¬ 
brane spanning domains of AE1, AE2, and AE3 are highly conserved and func¬ 
tion in anion exchange. The cytoplasmic domains show less conservation. AE2 
and AE3 have ~300 additional amino acids at their N-termini compared with 
AE1 [58], 
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a) Total protein 4.2 deficiency in homozygous band 3 gene mutations in animal 
models Total deficiency of protein 4.2 has also been reported in a complete 
lack of band 3 in red cell membranes, i. e.: (1) in Japanese cattle due to a nonsense 
mutation of the band 3 gene [59], (2) in knock-out mice by targeted disruption of 
the band 3 gene [60], and (3) in the knock-out mice also by selectively targeted 
inactivation of the erythroid band 3 gene, in which kidney band 3 was not affected 
[61] (see Sections 5.1 and 15.1). 

A moderate anemia of autosomal incompletely dominant inheritance with 
marked microspherocytosis [59] has been reported in Japanese cattle. In these cat¬ 
tle, no band 3 was detected due to a nonsense mutation (CGA—>TGA; Arg—»stop) 
of the band 3 gene at the position corresponding to codon 646 in human red cell 
band 3 cDNA [59]. Immunoblotting analysis demonstrated a very low content or 
nearly complete absence of protein 4.2 in red cell membranes of the proband. Con¬ 
siderable decreases were also observed in other major red cell membrane compo¬ 
nents such as spectrin, actin, glyceraldehyde 3-phosphate dehydrogenase (band 6), 
and ankyrin (a reduction by at least 50% of normal subjects). The probands also 
exhibited a marked distortion and disruption of the membrane skeletal network 
with tremendous instability [59]. 

The affected cattle lacked kidney proteins, which are antigenically related to band 
3, as in erythroid cells [59]. The proband red cells completely lacked rapid anion 
exchange as a function of band 3 protein; i.e., the defective CG/HCO^ exchange 
in these cells was uncompensated for and limited to a fairly low level [59]. 

Targeted disruption of the murine erythroid band 3 gene has resulted in spher¬ 
ocytosis and severe hemolytic anemia [61]. The erythroid band 3 gene was selec¬ 
tively inactivated but not the kidney band 3 gene. Red cells of homozygous mice 
were completely devoid of band 3 protein, whereas normal levels of band 3 protein 
were detected in the lysates of kidneys obtained from band 3 _/ ~ mice [61]. Densito- 
metric analysis of red cell membrane proteins indicated that the mutant ghosts 
contained 75 % of the normal spectrin, significantly reduced ankyrin (40 % of nor¬ 
mal) and no detectable protein 4.2 [61]. Normal amounts of protein 4.1 and actin 
were detected in the red cell membranes of homozygous mice [61]. The presence of 
a reduced but significant amount of ankyrin in band 3 _/ ~ ghosts lends further sup¬ 
port to the existence of band 3 independent sites for the attachment of ankyrin in 
the red cell membrane. Similarly, the presence of normal amounts of protein 4.1 in 
band 3 _/ ~ ghosts indicates that the in vitro binding of protein 4.1 with band 3 may 
not occur in vivo. The concurrent loss of protein 4.2 in band 3 _/ ~ red cells shows 
that the binding of protein 4.2 to the plasma membrane is exclusively determined 
by its interaction with band 3 [61]. The red cell phenotype of the mice of this type is 
consistent with the results obtained from the cattle with the homozygous nonsense 
mutation of the band 3 gene [59]. The band 3 _/ ~ red cells also contained adducin, 
dematin, p55, and glycophorin C. In contrast, the band 3 _/ ~ red cells are complete¬ 
ly devoid of glycophorin A (GPA), although the polymerase chain reaction (PCR) 
confirmed the presence of GPA mRNA (see Sections 5.1, 5.2, and 15.1). 

The function of band 3 was also examined in the mice with targeted mutagenesis 
[60]. The mouse anion exchanger 1 (AE1) gene consists of 20 exons. A 1130 base 
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pair segment between exons 9 and 11 was replaced with a neoR cassette. This seg¬ 
ment encompasses the distal portion of the N-terminal cytoplasmic domain and 
the first membrane-spanning segment of the C-terminal domain. In the homozy¬ 
gous targeted mice, no AE1 transcript was detected in newborn reticulocyte of 
14.5-day fetal liver RNA using a full-length AE1 cDNA [60]. No protein was de¬ 
tected using antibodies raised against either the cytoplasmic or membrane-span¬ 
ning domains of AE1 in red cell membranes or in whole cell lysates, confirming 
the absence of the normal AE1 gene product as well as the absence of any trun¬ 
cated AE1 polypeptides derived from the targeted gene [60]. AEl - ^ - red cell ghosts 
contained 84.7 ± 5.5%, 86.4 ± 5.4%, and 48.8 ± 5.0% of wild type, steady state 
levels of a-spectrin, (3-spectrin, and ankyrin, respectively [60]. The near normal 
spectrin content in AE1-deficient red cell membranes suggests the possibility of al¬ 
ternative membrane binding sites for spectrin or alternative mechanisms of assem¬ 
bling the membrane skeleton [60]. In AEl +/ ~ red cells, normal amounts of a- and 
P-spectrin (94.8 ± 5.4% and 96.8 ± 4.2%, respectively) and ankyrin (119 ± 6.9%) 
but decreased levels of AE1 (82.3 ± 2.1%) were observed [60]. 

In AEl _/ ~ red cells, no protein 4.2 was detected, although these red cells retained 
50% of the normal amount of ankyrin [60]. Therefore, it appears that AE1 contains 
the sole, high affinity binding site for protein 4.2. 

b) Total protein 4.2 deficiency in human band 3 gene mutations Three kindred have 
been reported among patients with band 3 gene mutations in which protein 4.2 
was totally or nearly completely missing in their red cells (see Sections 11.3.3, 
15.1.3 and 15.1.5). 

The first example is a Japanese family with four mutations on the band 3 gene 

[62] ; i. e., two mutations of Memphis II polymorphism (K56E, AAG—»GAG, and 
P854L, CCG—»CTG) and, additionally, a mutation (G714R, GGG—»AGG) in one al¬ 
lele (allele Okinawa), and, in trans to allele Okinawa, a mutation (G130R, 
GGA—>AGA) in another allele (allele Fukuoka). The allele Fukuoka has been 
known to alter the binding of protein 4.2 to band 3 [63]. The proband (the daugh¬ 
ter) presented with a pronounced decrease of band 3 (49.8 ± 0.3 % of normal), and 
showed an almost complete lack of protein 4.2 with only traces (less than 0.1 % of 
normal) of 72, 68 and 66 kDa fragments of protein 4.2. Her mother showed a par¬ 
tial deficiency in band 3 (—25 % on average) and a proportional reduction in pro¬ 
tein 4.2. Therefore, the mother was heterozygous for a novel allele of the EPB3 
gene, allele Okinawa, and her daughter was a compound heterozygote of allele Oki¬ 
nawa and allele Fukuoka. Heterozygosity for allele Fukuoka has been documented 
in another individual who showed no clinical or hematological signs, and normal 
band 3 content [63]. It has been suggested that band 3 Okinawa binds virtually all 
the protein 4.2 in red cell precursors, band 3 Fukuoka is unable to do so, and that 
band 3 Okinawa cannot be incorporated into the membrane leading to degradation 
of the band 3 Okinawa protein complex. In contrast, band 3 Fukuoka, free of 
bound protein 4.2, could then be incorporated normally into the lipid bilayer 

[63] . Thus, it has been speculated that protein 4.2 would not appear in the 
proband’s red cell membranes. 
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The second example of total protein 4.2 deficiency due to human band 3 gene 
mutation was found in a Portuguese baby with a missense mutation (band 3 Coim¬ 
bra: V488M) in the homozygous state [64, 65]. In a large Portuguese family, there 
was a couple whose members carried the mutation Coimbra in the heterozygous 
state. At the second pregnancy of this couple, homozygosity for mutation Coimbra 
was ascertained antenatally and the pregnancy was interrupted. At the third preg¬ 
nancy, a severely anemic hydropic female baby in the homozygous state was reani¬ 
mated and kept alive with an intensive transfusional regime. Cord blood smears 
disclosed dramatic erythroblastosis and poikilocytosis. Red cells with a tail-like 
elongation were a conspicuous feature. Band 3 and protein 4.2 were completely ab¬ 
sent in red cell membranes. Metabolic acidosis and nephrocalcinosis were present. 
The total absence of band 3 in humans appears to be reasonably compatible with 
life as long as intensive transfusion support is provided. In the heterozygous 
state, the band 3 content, 4,4’-diisothiocyano-l,2-diphenylethane-2,2’-disulfonate 
(H 2 DIDS) sites (pmol IT 1 ), and sulfate flux (nmol per 10 8 red cells per 10 min) 
were —23 % of normal on average, —35 % of normal, and —34 % of normal, respec¬ 
tively. Therefore, total protein 4.2 deficiency did occur in the homozygous state of 
the missense mutation of the band 3 gene. 

A third human case of the homozygous hereditary spherocytosis (band 3 Neapo- 
lis) due to splicing mutation at position +2 in the donor splice site of intron 2 of 
the AE1 gene has been reported [66]. 

16.2.3 

Partial Deficiency of Protein 4.2 

Partial deficiency of protein 4.2 is fairly common in hereditary spherocytosis with 
band 3 mutations under the two following situations (see Section 15.1.6). 


16.2.3.1 Partial or Total Lack of One Haploid Set of Mutated Band 3 

The red cells lack one haploid set (a heterozygous state), partially or totally, of mu¬ 
tant band 3 (20—40% reduction of overall band 3), yielding mild to moderate her¬ 
editary spherocytosis with a dominant inheritance pattern. To date, numerous het¬ 
erogenous mutations have been reported (see Sections 10.4, 11.5 and 15.1.2). As a 
consequence, protein 4.2 is diminished in roughly the same proportions as band 3. 

The first report to examine whether or not the product of the mutant allele is 
inserted into the membrane utilized one HS subject who was doubly heterozygous 
for the R760Q mutation and K56E (band 3 Mem P his ) polymorphism of the human 
band 3 gene [67]. Only band 3 Mem P hls was detected in the red cell membrane, indi¬ 
cating that the protein product of the mutant (R760Q) band 3 allele was absent 
from the red cell membrane. 

The same line of reports appeared in 166 families with autosomal dominant HS. 
In these families, band 3 deficiency was invariably associated with mild autosomal 
dominant HS [68]. They detected the first subset of band 3 gene mutations with 
seven nonsense and frameshift mutations that were all associated with the absence 
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of the mutant mRNA allele from reticulocyte RNA, implicating decreased produc¬ 
tion and/or stability of mutant mRNA as the cause of decreased band 3 synthesis 
[68]. The second subset included five substitutions of highly conserved amino acids 
and one in-frame deletion, which were associated with the presence of comparable 
levels of normal and mutant band 3 mRNA [68]. 

A French 18-year old male demonstrated moderate HS with a 35 % decrease in 
red cell band 3 content [69]. The underlying mutation was allele Lyon (R150X: 
CGA—>TGA) with allele Genas, which was a G—>A substitution at position 62 be¬ 
fore codon 1 (G—>A). It has been shown: (1) that the allele Genas (father) resulted 
in a 33% decrease in the amount of band 3 mRNA, (2) that the reduction caused 
by the allele Lyon (mother) was 42%, and (3) that the compound heterozygous 
state for both alleles (proband) resulted in a 58% decrease [69]. 

It has also been shown that a mutant transcript is present in HS patients bearing 
missense mutations, whereas only the normal transcript is found in HS patients 
with frameshift mutations, in which the mean decrease in membrane band 3 con¬ 
tent is significantly lower, leading to speculation that missense mutations may 
have some sort of dominant negative effect [70]. 

Band 3 Foggia (del C; ACCCAC—»ACCAC in codon 55) and band 3 Napoli I 
(298—299 ins T; TCT—>TTCT in codon 100) resulted in premature termination 
of translation, making one haploid set of band 3 mRNA unavailable [71], as on 
band 3 Milano (Gin plus duplication of residues 478—499) which is probably not 
incorporated into the membrane [72]. 

A nonsense mutation (Q330X) of the human red cell band 3 gene has been de¬ 
tected in HS [72]. This mutation was present in genomic DNA. In addition, a 
marked quantitative decrease in accumulation of the mutant band 3 RNA has 
been detected [72]. 

In these situations, the extent of the decrease of protein 4.2 content was basically 
proportional to that of the band 3 content [73]. 


16.2.3.2 Mutations in the Cytoplasmic Domain of Band 3, Which Contains Major 
Binding Sites for Protein 4.2. 

The decrement of the protein 4.2 content is disproportionately greater when muta¬ 
tions of the band 3 gene are present in its cytoplasmic domain, where the binding 
site(s) for protein 4.2 is located; e. g., band 3 Tuscaloosa (P327R: CCC—»CGC) [74], 
band 3 Montefiore (E40K: GAG—>AAG) [75], and band 3 Fukuoka (G130R: 
GGA—>AGA) [76]. The inheritance pattern is recessive for band 3 Montefiore 
and band 3 Fukuoka. In these cases, protein 4.2 is sharply decreased due to the 
mutations on the band 3 gene. 

A partial (29 ± 5 %) deficiency of protein 4.2 was discovered in red cells of 
hereditary spherocytosis [74], in which one band 3 allele was normal but the 
other allele contained two mutations of the band 3 gene: (1) band 3 Memphis 
(K56E: AAG—»GAG) and (2) band 3 Tuscaloosa (P327R: CCC->CGC). The 
predicted maximal binding capacity of the patient’s inside-out vesicles (IOVs) for 
protein 4.2 was 33 % lower than that of control IOVs (208 ± 9 gg mg~* compared 


370 


76.2 Protein 4.2 


with 312 ± 1 jug mg -1 for control membranes) [74]. The K d for binding to patient 
membranes was also decreased nearly two-fold (2.4 ± 0.2 X 10~ 7 mol IT 1 com¬ 
pared with 4.6 ± 0.3 X 10- 7 mol LT 1 for the control) [74]. 

A homozygous state for band 3 Montefiore (E40K: GAG—>AAG) with a marked 
(88%) deficiency of protein 4.2 has been reported [75]. In the proband, the in vitro 
binding of protein 4.2 purified from control red cells to the proband’s protein 4.2 
stripped IOVs was decreased by 30% and 8% in two experiments, compared with 
normal controls [75]. However, the authors themselves had some reservation on 
this matter, because these small differences in binding were inconclusive and cer¬ 
tainly could not explain the 88% protein 4.2 deficiency in the proposita’s red cell 
membranes [75]. Levels of all other membrane proteins in this proband were nor¬ 
mal except for band 6 (glyceraldehyde-3-phosphate dehydrogenase), which was 
30% decreased [75]. 

An extremely rare homozygous missense mutation of the band 3 gene (band 3 
Fukuoka; G130R: GGA—»AGA) showed substantial reduction (45.0% of that of nor¬ 
mal subjects) in addition to a minimal reduction (9.3 %) of band 3 content [76]. 
Therefore, the extent of the decrement of protein 4.2 was disproportionately greater 
than that of band 3 [76]. It is also noteworthy that, in addition to the 72 kDa peptide 
(a wild type of protein 4.2), a trace amount of the 68 kDa peptide was detected in the 
proband [76]. The extent of the rebinding of the proband’s IOVs to the normal pro¬ 
tein 4.2 was markedly reduced, compared with that of normal subjects. Scatchard 
plots indicated the average rebinding capacity in the proband was 207 gg of protein 
4.2 per mg of vesicle proteins versus 295 gg in a normal subject. Therefore, the 
rebinding capacity of the mutated band 3 Fukuoka to normal protein 4.2 appeared 
to be reduced to approximately 70% of the normal band 3 [76]. Therefore, the dis- 
proportional reduction of protein 4.2 compared with that of band 3 was most likely 
due to the functional abnormality of the mutated band 3 [76]. 

16.2.4 

Protein 4.2 Doublets 

Two independent families with a doublet protein 4.2 in red cells, in which two pro¬ 
tein 4.2 isoforms were present, 72 kDa as a wild type and 74 kDa, have been de¬ 
scribed [53, 77]. The total amounts of protein 4.2, the sum of 72 and 74 kDa, 
were essentially normal. 

The proband of the first family suffered from uncompensated hemolytic anemia 
with stomatocytosis (Fig. 16.14) [77]. This patient demonstrated a single band at 
72 kDa for protein 4.2 in the normal amount. In six out of ten family members, 
however, protein 4.2 consisted of two forms: 72 and 74 kDa in equal amounts 
(Fig. 16.15) [77]. These doublet cases (protein 4.2 doublet Kobe) also demonstrated 
stomatocytosis without any clinical symptoms. Four other family members showed 
only a single protein 4.2 (72 kDa alone) with stomatocytosis, also without clinical 
symptoms [77]. In the red cells with the protein 4.2 doublet, sodium influx 
(1.5—1.9 mmol L _1 red cells per hour; normal: 1.2 9+ 0.14) and sodium efflux 
(3—7 mmol L _1 red cells per hour; normal: 2.4 ± 0.5) were slightly enhanced [77]. 
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Figure 16.14 Scanning electron micro¬ 
graph of peripheral red cells of the patient 
with protein 4.2 doublet. 



CONTROL DOUBLET CONTROL DOUBLET 

SINGLE SINGLE 



COOMASSIE BLUE STAIN 

Figure 16.15 A doublet protein 4.2 (72 kDa + 
74 kDa) disease as a variant of protein 4.2 
anomalies. In the addition of the wild type 
(72 kDa) of protein 4.2 peptide (in CONTROL), 
a 74 kDa variant of protein 4.2 is also present in 
the individuals of a doublet protein 4.2 disease 



IMMUNOBLOT 

(DOUBLET). In this family, some members in¬ 
dicate only a single band (SINGLE) with protein 
4.2 of a wild type (72 kDa). The representative 
results by Coomassie blue staining (left) and by 
immunoblot (right) with anti-human protein 4.2 
polyclonal antibody are shown. 


Ektacytometry revealed normal rheological properties in the fresh intact red cells of 
these patients [77]. 

The second family (two cases) also demonstrated a doublet with 72 and 74 kDa, 
but the distribution of these two isoforms was 70 % for 72 kDa and 30 % for 74 kDa 
(protein 4.2 doublet Nagano) [53]. The sum of the 72 and 74 kDa peptides was 
equivalent to the normal control, in which only the 72 kDa was present as a 
wild type. These patients showed overt hemolysis with marked reticulocytosis 
and increased MCHC [53]. The patient’s red cell morphology demonstrated 
marked stomatocytosis and the presence of target cells. The two patients also de¬ 
monstrated a marked increase in red cell membrane phosphatidylcholine, which 
would be responsible for target cells in the peripheral blood [53]. Full sequencing 
of the protein 4.2 gene by RT-PCR yielded only a normal gene size corresponding 
to its wild type (72 kDa) with a heterozygous mutation of R488H [53], which was 
confirmed in genomic DNA. The mutation was linked to the protein 4.2 doublet 
anomaly in the proband and his daughter, and not found in other family members, 
including a brother with normal 72 kDa and membrane lipid anomalies [53]. The 
74 kDa peptide of protein 4.2 appears to be derived from the protein 4.2 (72 kDa) 
gene by the posttranslational modification, because the 90 nucleotide segment in 
exon 1 of the protein 4.2 gene was skipped, as is usually observed in the wild 
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type of protein 4.2 (72 kDa) contrary to expectations, implying that the 74 kDa was 
not produced by devoiding of the normal skipping of the 90 nucleotides in exon 1. 
The intramembrane particles and skeletal network were virtually unaffected, as ex¬ 
amined by electron microscopy [53]. Concomitantly, red cell membrane lipid anal¬ 
ysis in the proband revealed markedly increased free cholesterol (FC) (1681 gg per 
10 10 red cells; normal: 1202 ± 103), and phosphatidylcholine (PC) (1063 gg per 
10 10 red cells; normal: 733 ± 64) [53]. The content of FC was 1384 gg per 10 10 
RBC in the brother and 1413 gg per 10 10 red cells in the daughter, and that of 
PC was 943 gg per 10 10 red cells in the brother and 865 in the daughter. The com¬ 
position of other phospholipids was essentially normal. Other family members de¬ 
monstrated no abnormalities of membrane proteins or membrane lipids [53]. 
Therefore, the membrane lipid abnormalities were proven not to be linked to 
the protein 4.2 doublet in the proband and his daughter, because his brother de¬ 
monstrated the membrane lipid abnormalities in the absence of the protein 4.2 
doublet [53]. 

Protein 4.2 isoforms have reportedly been observed in various animals [78—80]. 
In Oriental deer (Cervus taiounus and Census Nippon yesoensis, Heud), 80% of a wild 
type consisted of a 78 kDa peptide. As an isoform of protein 4.2, a 76 kDa peptide 
was also present. In five out of 25 deer, a protein 4.2 doublet was detected, in which 
78 kDa peptides were present in equal amounts. 
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Abnormalities of Membrane Lipids 


17.1 

Introduction 

Membrane lipids compose approximately 50% by weight of the mature red cell 
membranes [1, 2] (see Section 2.2.1). Free unesterified cholesterol and phospholi¬ 
pids are predominant, and are present in nearly equal proportions; that is, the 
molar ratio of cholesterohphospholipids is 0.80. Small amounts of glycolipids 
are also present. Regarding phospholipids, phosphatidylcholine (PC), phosphatidyl- 
ethanolamine (PE), sphingomyelin (SM), and phosphatidylserine (PS) are the pre¬ 
dominant phospholipids. Small amounts of phosphatidic acid (PA), phosphatidyl- 
inositol (PI), and lysophosphatidylcholine (lyso-PC) are also present in the red cell 
membranes. At the physiological pH, phosphatidylserine, phosphatidic acid, and 
phosphatidylinositol exhibit a net negative charge, whereas the other phospholipids 
are electrically neutral. Most of lipids except sphingomyelin and lysophosphatidyl¬ 
choline have two fatty acids which are attached to a glycerol main structure. The 
lysophosphatidylcholine has only one fatty acid chain, and exhibits the hemolytic 
effect because of its detergent-like nature. 

The phospholipids in the red cell membrane are in a planar bilayer with their 
polar head groups exposed at each surface and their hydrophobic fatty acyl side 
chains buried in the bilayer core (see Section 3.1). Glycolipids and cholesterol 
are intercalated between the phospholipids in the bilayer, with their long axes per¬ 
pendicular to the bilayer plane. Red cell glycolipids are located entirely in the ex¬ 
ternal half of the bilayer with their carbohydrate moieties extending into the aqueous 
phase. These glycolipids carry several important red cell antigens (see Section 5.3). 

The red cell membrane lipids are asymmetrically distributed across the bilayer 
plane, which is known as trans asymmetry (see Section 2.2.2). This asymmetric dis¬ 
tribution of phospholipids reflects a steady state involving a constant exchange of 
phospholipids by a flip/flop mechanism between the two bilayer membrane lipid 
leaflets. The transmembrane shuttle of these phospholipids in biological mem¬ 
branes is extremely fast (see Section 2.2.4). The phospholipid flip and flop is accel¬ 
erated by transmembrane proteins, which produce localized discontinuities in the 
bilayer, or by transmembrane pH gradients in the case of neutral phospholipids (see 
Section 2.2.2). The trans asymmetry of phospholipids is produced and maintained 
by an adenosine triphosphate (ATP) dependent transport system, i. e., the amino 
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phospholipid translocase (so-called flippase), which translocates phosphatidylserine 
and phosphatidylethanolamine from the outer leaflet to the inner leaflet. The flip- 
pase is a 130 kDa integral membrane protein which is a member of the Mg 2+ -de¬ 
pendent P-glycoprotein ATPases. For the flop mechanism, the presence of floppase 
is suspected, because phosphatidylcholine and sphingomyelin are not transported 
inward by the flippase enzyme, and red cells are able to transport phosphatidylcho¬ 
line, along with phosphatidylserine and phosphatidylethanolamine from the inner 
leaflet to the outer leaflet (see Section 2.2.2). Thus, phospholipid asymmetry results 
from the balance of the active translocation of phosphatidylserine and phosphati¬ 
dylethanolamine and the passive slow bidirectional flip/flop of phospholipids. 

Red cell lipids exist in different domains within each of the bilayer planes (see 
Section 2.2.1); that is a cis asymmetry, related to macroscopic and microscopic do¬ 
mains of the membrane lipids. These lipid-rich domains are intrinsic structural 
features of the membrane. Lipids also partition on a microscopic scale within 
the membrane. Positively charged amino acids are concentrated on the cytoplasmic 
side of the bilayer-spanning domains of glycophorins and other membrane pro¬ 
teins, because glycophorin A binds anionic (phosphatidylserine and phosphatidyl- 
inositol) but not choline (phosphatidylcholine and sphingomyelin) phospholipids. 
Anionic phospholipids appear to cluster near the regions of positive charge. 

The red cell shape is also dependent on the conditions of membrane lipids (see 
Section 2.2.6). Processes that expand the outer bilayer or contract the inner bilayer 
will produce uniform membrane spiculation (echinocytes), whereas relative expan¬ 
sion of the inner leaflet will lead to membrane invagination and cup-shaped red 
cells (stomatocytes). Strongly charged amphipathic compounds, such as phospho¬ 
lipids, cause echinocytes. Phospholipids are trapped in the outer bilayer by their 
fixed charge. Permeable amphipathic compounds will cause the membrane to ex¬ 
tend toward the side of greater accumulation, because they are weak acids and 
bases that can cross the membrane in their uncharged form. Cationic compounds 
tend to accumulate in the negatively charged inner bilayer and anionic compounds 
partition to the neutral outer bilayer. The bilayer couple hypothesis predicts that 
shape changes resulting from expansion of one lipid leaflet can be reversed by a 
commensurate alteration in the other, as seen in the intensely spiculated acantho- 
cytosis in patients with abetalipoproteinemia, which can be almost completely con¬ 
verted into normal biconcave disc shapes by the addition of a cationic amphipathic 
compound (0.1 mM chlorpromazine). 

Cholesterol and glycolipids are intercalated between the phospholipids in the bi¬ 
layer within their long axes perpendicular to the bilayer plane (see Section 3.1). 
Cholesterol is present in about equal proportions on both sides of the bilayer, 
and equilibrates between them in seconds, or less. Cholesterol depletion promotes 
inward curvature of the membrane, whereas cholesterol enrichment favors out¬ 
ward deflection. 

Mature red cells cannot synthesize fatty acids, phospholipids, or cholesterol de 
novo and depend on lipid exchange and fatty acid acylation as the mechanisms 
for phospholipid renewal and repair (see Section 2.2.4). Phosphatidylcholine and 
sphingomyelin, which are outer bilayer phospholipids, exchange slowly with the 
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phospholipids of plasma lipoproteins. Inner bilayer phospholipids (phosphatidyl- 
serine and phosphatidylethanolamine) are basically unexchangeable. Thus, the ab¬ 
normalities of plasma lipoproteins induce serious effects on the red cell mem¬ 
branes, as observed in abetalipoproteinemia [3] and Tangier disease [4], which 
are described in detail later (see Chapter 17). In contrast, free unesterified choles¬ 
terol in red cell membranes are able to exchange readily with the unesterified cho¬ 
lesterol in plasma lipoproteins (Tu of 7 h), where it is partially converted into es- 
terified cholesterol by the action of a plasma enzyme, lecithin: cholesterol acyl- 
transferase (LCAT) (see Section 2.2.4). LCAT catalyzes a unidirectional pathway 
that depletes the membrane of cholesterol and decreases its surface area, because 
the newly formed cholesteryl ester cannot return to the red cell membrane. When 
LCAT is absent, excess membrane cholesterol accumulates, expanding the mem¬ 
brane surface area. A detailed description of a case of LCAT deficiency [5] will be 
given in the following section (see Section 17.2). 

From the functional standpoint, lipid mobility is crucial in red cell membrane 
physiology (see Section 2.2.3). Purified phospholipids exhibit discrete, liquid crys¬ 
talline to gel phase transitions that are dependent on the length and degree of un¬ 
saturation of their acyl side chains. Above this transition temperature, the acyl side 
chains can move very quickly. Below the transition temperature to the gel phase, 
acyl chains of purified lipids are extended in stiff, parallel, hexagonally packed ar¬ 
rays that are more like a solid than a liquid. The extent of membrane lipid fluidity 
is dependent on several factors (see Section 2.2.3), that is: the type of cholesterol 
(free or esterified), the class of phospholipids, the molar ratio of cholesterol to 
phospholipids, the degree of saturation of fatty acids, the length of acyl chains, 
and the presence or absence of amphipathic compounds such as lysophosphatides. 
Compensation for an alteration in one or more of these variables to give normal 
membrane fluidity is found to be present in nature, which is known as homeovis- 
cous adaptation. Membrane fluidity in red cell membranes has been studied exten¬ 
sively by the method of eletron spin resonance (ESR) in various disease states (see 
Sections 17.2, 17.3 and 17.4), such as familial abetalipoproteinemia, congenital le- 
cithinxholesterol acyltransferase deficiency, and hereditary high red cell mem¬ 
brane phosphatidylcholine hemolytic anemia. Detailed results on these disorders 
are shown in each section. 

The incidence of red cell membrane lipid disorders of hereditary origin appears 
to be extremely low, although a detailed statistical survey has not been carried out. 

In our experience at Kawasaki Medical School as the Japanese government-as- 
signed reference institution for red cell membrane disorders in Japan, membrane 
lipid abnormalities of hereditary origin were found in 41 patients (4.0 %) from 27 
kindred out of our 1014 cases of hereditary red cell membrane disorders from 605 
kindred in the Japanese population (Table 9.1). Among these red cell membrane 
lipid abnormalities, we experienced 31 patients of hereditary high red cell mem¬ 
brane phosphatidylcholine hemolytic anemia (HPCHA) from 19 kindred, eight 
cases from six kindred of congenital (5-lipoprotein deficiency (acanthocytosis), 
one patient with congenital lecithinxholesterol acyltransferase deficiency, and 
one patient with congenital a-lipoprotein deficiency (Tangier disease). Contrary 
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to the abnormalities of plasma factors, such as lipoproteins and enzyme, which are 
observed in P-lipoprotein deficiency, a-lipoprotein deficiency, and lecithin xholes- 
terol acyltransferase deficiency, the exact pathogenesis of hereditary high red cell 
membrane phosphatidylcholine hemolytic anemia has not been elucidated (see 
Section 17.4). In this disorder, red cell membrane lipid composition is clearly ab¬ 
normal, although plasma lipids appear to be unaffected. Detailed descriptions are 
presented in the following sections. 

There are also numerous acquired cases with red cell membrane lipid abnorm¬ 
alities due to plasma lipid anomalies through hepatic dysfunctions (see Sections 
13.5 and 17.6). Typical disorders are spur cell anemia and target cells, which are 
also discussed in the following sections. 


17.2 

Lecithin: Cholesterol Acyltransferase (LCAT) Deficiency 

A plasma enzyme, lecithin xholesterol acyltransferase (LCAT) [6], mediates the es¬ 
terification of plasma cholesterol by a mechanism that involves the transfer of fatty 
acids from phosphatidylcholine (PC) to free cholesterol (FC), generating cholesteryl 
esters (CEs) and lysophosphatidylcholine (L-PC) [7]. A major role for this enzyme 
lies in the reverse cholesterol transport, by which cholesterol is transferred from 
peripheral cells to the liver for catabolism. The process in detail [5] is that free cho¬ 
lesterol in the cells is taken up by high density lipoprotein (HDL) and is esterified 
by LCAT [8]. The cholesterol esterified by this process is packed in the core of the 
lipoprotein, resulting in the maturation of discoidal pre-(3-HDL to spherical a-HDL. 
Following this event, the esterified cholesterol may be exchanged for very low den¬ 
sity lipoprotein (VLDL) triglycerides by the cholesteryl ester transfer protein 
(CETP) for transport back to the liver, or may be taken up directly by the liver [9]. 

LCAT in human beings is synthesized mainly by the liver as a 416 amino acid 
glycoprotein of approximately 63 kDa [10]. LCAT resides in plasma reversibly 
bound chiefly to HDLs, which contain its major activator, apolipoprotein (apo) 
A-I [11]. Human LCAT prefers to transfer an unsaturated sn —2 chain from PC 
to cholesterol [12]. The primary structure of LCAT [13] is highly conserved 
among various species, indicating that the full intact protein is required for enzy¬ 
matic activity. Structurally, LCAT is a complex enzyme consisting of multiple func¬ 
tional domains that are required for LCAT activity [14]. These include a large active 
site (serine at 181, aspartic acid at 345, and histidine at 377), which is capable of 
binding phospholipids and esterified cholesterol simultaneously. A lipid-binding 
lid region, encompassing residues 50 to 74, covers the active site that may partici¬ 
pate in interfacial activation. In the enzyme molecule, a lipoprotein-binding do¬ 
main (residues 130 to 306) may play a role in apo A-I binding as well as modula¬ 
tion of LCAT substrate specificity [15, 16]. 

The human LCAT gene is located in the 16q22.1 region [17]. This gene has six 
exons that encode the 440 amino acids including 24 signal peptide residues, that 
comprise the LCAT protein [13]. Although LCAT is expressed primarily in the 
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liver, its mRNA also can be detected at much lower levels in the brain and testes of 
mice, rabbit, and nonhuman primates. Alternative splicing resulting in the inser¬ 
tion of an Alu cassette between exons 5 and 6 has been reported for both human 
and nonhuman primate mRNA [18]. Regarding the regulation of LCAT gene ex¬ 
pression, LCAT gene expression is relatively resistant to dietary challenges and 
drug treatments [5]. 

Lipoprotein metabolism can be divided into two major pathways, that is, the apo 
B-containing lipoprotein (apo B-Lp) and HDL pathways [5]. In the process of re¬ 
verse cholesterol transport, the cholesterol in lipoproteins is transported to the 
liver as free cholesterol and cholesteryl esters [5]. Both HDL and apo B-Lp each 
transport approximately 50 % of the total cholesterol to the liver. In human beings, 
roughly 90% of the free cholesterol is transported to the liver by HDL, and more 
than 90 % of the cholesteryl esters is transported by the apo B-Lps [19]. A large frac¬ 
tion of the cholesteryl esters in the apo B-Lps transported to the liver is derived 
from HDL through the action of cholesteryl ester transfer protein. 

The first case of autosomally inherited familial LCAT deficiencywas discovered in 
a Norwegian family with corneal opacities, anemia, proteinuria, mild hypoalbumi- 
nemia, and hyperlipidemia [20]. Plasma cholesterol, triglyceride, and phospholipid 
levels were increased, but cholesteryl esters and lysophosphatidylcholine were de¬ 
creased and HDL (pre-P and a-lipoproteins) could not be detected [21, 22]. There 
was a total lack of LCAT activity in plasma due to a missense mutation 
(ATG—»AAG at codon 252: methionine—dysine) of the LCAT gene [23]. Up to 
the present time, at least 29 different mutations of the LCAT gene have been re¬ 
ported (Table 17.1), among which 20 missense mutations, seven frameshift muta¬ 
tions and two nonsense mutations have been described [5[. The affected individuals 
are homozygotes of the mutations (21 cases) or compound heterozygotes (14 
cases). Most mutations in the LCAT gene exhibit enzymatic activity that is almost 
missing in the range from 0 to 50 % of normal, indicating that the entire molecule 
of LCAT is required for normal structural integrity and its function [5[. The location 
of these mutations is widely distributed over whole the LCAT gene [5]. 

Hematological characteristics of the familial LCAT deficiency are mild normocy- 
tic normochromic anemia with mild reticulocytosis and target cells [24]. The red 
cell life span is reduced to one half that of normal individuals. The presence of 
foam cells (sea-blue histiocytes) can be observed in bone marrow specimens. 

The histiocytic granules are composed of membranes in a lamellar arrangement. 

The patient’s red cell membranes exhibit abnormal lipid content; that is, a two¬ 
fold increase in unesterified cholesterol and phosphatidylcholine with decreased 
sphingomyelin and phosphatidylethanolamine [25]. A marked reduction in both 
acetylcholinesterase activity and sodium influx has been reported [26]. 

A mouse model for human LCAT deficiency has been generated by targeted dis¬ 
ruption of the LCAT gene [27, 28]. The activity of a-LCAT was virtually missing 
(0.75% of normal). Homozygous LCAT-deficient mice have reduced total choles¬ 
terol (23 % of normal), HDL-cholesterol (7 % of normal), and apo A-I (14% of nor¬ 
mal) and increased triglycerides in plasma (212 % of a normal control). No evi¬ 
dence of corneal opacities was detected in the mutated mice [27, 28]. 
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Table 17.1 A I ist of gene mutations in congenital lecithin: cholesterol acyltransferase (LCAT) 
deficiency. 

Location (Exon) Nucleotide Protein Genotype LCAT activity {%) 


1 

1 

1 

2 

2 

2 

3 

3 

3 

4 
4 
4 
4 
4 

4 

5 
5 
5 
5 
5 

5 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 


A—>T 

30 bp insertion 
C insertion 
G—>A 
T—>C 
C—>A 
C—>A 
C—>A 
G—>A 

AC— 7 T deletion 
C—»T 
G—>A 

GGC insertion 
C—»T 
C—»T 
T- 4 A 
C—»T 
C deletion 
T—>G 
G—>A 
T—>C 
C^A 
G—>A 
C^G 
C^G 
T- 4 A 
G deletion 
G—>A 
G—>A 
C^T 
C—»T 
G—>A 
A insertion 
C—>T 
C—>T 


5 Asn—>Ile 
7 Leu 
9 Pro 

30 Gly—>Ser 

32 Leu—>Pro 

33 Gly—>Arg 
83 Tyr—»Stop 
83 Tyr—»Stop 
93 Ala—fThr 
120 Tyr 

135 Arg—>Trp 

140 Arg—>His 

141 Gly 

147 Arg—>Trp 
147 Arg—>Trp 
156 Tyr—>Asn 
158 Arg—»Cys 
168 His 
171 Tyr—>Stop 
183 Gly—>Ser 
209 Leu—>Pro 
228 Asn—>Lys 
234 Met—die 
244 Arg—»Gly 
244 Arg—»Gly 
252 Met—>Lys 
264 Val 
293 Met—die 
293 Met—die 
321 Thr—>Met 
321 Thr—>Met 
344 Gly—>Ser 
376 Gin 
399 Arg—>Cys 
399 Arg—»Cys 


Homo 

CH 

Homo 

Homo 

CH 

CH 

Homo 

CH 

Homo 

CH 

CH 

Homo 

Homo 

Homo 

CH 

CH 

Homo 

CH 

CH 

CH 

Homo 

Homo 

Homo 

Homo 

Homo 

Homo 

Homo 

Homo 

Homo 

Homo 

CH 

Homo 

CH 

Homo 

CH 


18 

4 

0-9 

0 

<10 

4 
7 
2 

5 
2 
0 
0 
2 
0 
2 
2 
5 
0 
2 
2 

0-15 

0 

50 

12 

13 

0 

0 

12 

8-9 

5 

0-10 

0 

0 

17 

2 


Homo: homozygotes, CH: compound heterozygotes. 
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Deficiency of the plasma enzyme, lecithinxholesterol acyltransferase is known to 
produce marked alterations in plasma lipids, particularly increased free cholesterol. 

The membrane lipids in mature red cells are dependent on the plasma lipids be¬ 
cause of the lack of de novo synthesis of the membrane lipids (see Section 2.2.4). 
Thus, the marked abnormality of plasma lipids in lecithinxholesterol acyltransfer¬ 
ase deficiency should affect the red-cell membrane lipids. However, it is also shown 
that the increase in red-cell membrane fluidity in lecithinxholesterol acyltransfer¬ 
ase deficiency is surprisingly small in view of the extensive alterations both in the 
membrane lipid composition and in the functional properties of these cells. Free 
cholesterol is known as a hardening effector in red-cell membrane fluidity (see Sec¬ 
tion 2.2.3), and the decreased membrane fluidity may lead the abnormal red cells 
to early destruction, through, for instance, increased hemolysis. Thus, the compen¬ 
sation mechanism against increased free cholesterol is interesting to investigate 
both in the plasma and in the red cells in cases of lecithinxholesterol acyltransfer¬ 
ase deficiency. For this purpose, the classes of lipid, the fatty acid composition, the 
length of the chains and the saturation of the double bonds were analyzed in the 
plasma lipids and the red cell membrane lipids [25]. The membrane fluidity of the 
patient’s red cells was also determined in the intact red cells, in the liposomes of 
total lipids, and in cholesterol-depleted liposomes. 

The patient (a 49 year old Japanese male) was found to have compensated hemo¬ 
lysis, hepatosplenomegaly without liver dysfunctions, and a marked poikilocytosis 
in red-cell morphology (Fig. 17.1) [25]. The activities of plasma enzyme, lecithin: 
cholesterol acyltransferase (nmol mlT 1 per hour) in the patient were clearly deficient 
in determinations both by the method of Glomset and Wright (9.6 ± 11.1: control 
93.3 ± 16.8) and by that of Stokke and Norum (2.3 ± 1.4: control 66.3 ± 11.1) 

[20]. The red cell membrane studies revealed a normal composition of membrane 
proteins on sodium dodecylsulfate polyacrylamide gel disc electrophoresis, and de¬ 
creased sodium influx (0.93 mmol IT 1 red cells per hour: control 1.49 ± 0.14) [26]. 

Free cholesterol was markedly elevated in the patient’s plasma, contrary to the 
significant decrease of the esterified form due to the deficiency of lecithinxholes¬ 
terol acyltransferase activity (Table 17.2) [25]. High-density lipoprotein (HDL) cho¬ 
lesterol was also diminished considerably. Among the plasma phospholipids, 


Figure 17.1 Scanning 
electron micrograph of 
red cells of a patient 
with congenital le¬ 
cithinxholesterol acyl¬ 
transferase deficiency. 
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sphingomyelin was decreased, and PC was slightly increased [25]. Lipoprotein X 
was detected on agar gel electrophoresis, in addition to an increase in triacylgly- 
cerols. 


Table 17.2 Plasma lipids and red cell lipids in the patient with congenital lecithin: cholesterol 
acyltransferase (LCAT) deficiency. 

I. Plasma lipids 



Patient (n = 4) 

Normal (n = 5) 

Cholesterol (mg dL ') 



Total 

194 ± 28 

178 + 32 

Free 

176 ± 26 (90.6 ± 1.3 %)* 

49 ± 9 (27.5 ± 5.0%) 

Esterified 

18 ± 3 (9.4 ± 0.2%)* 

129 ± 23 (72.5 ± 12.9%) 

High-density-lipoprotein 



cholesterol (mg dL _1 ) 

3 + 1* 

50 ± 11 

Phospholipids (%) 



Lysophosphatidylcholine 

0.1 ± 0.1 

4.8 ± 2.4 

Phosphatidylcholine 

77.9 ± 4.8 

69.2 ± 6.3 

Sphingomyelin 

8.4 ± 1.2** 

17.2 ± 2.7 

Phosphatidylethanolamine 

7.1 ± 2.1 

3.4 ± 3.1 

Phosphatidylserine 

5.0 ± 2.1 

2.3 ± 2.3 

+ phosphatidylinositol 



Others 

1.5 ± 0.9 

2.2 ± 2.6 

Triacylglycerols (mg dL -1 ) 

284 ± 39** 

95 ± 65 

Lipoprotein X 

present 

- 

*Significant in P < 0.001. **P < 0.01 



II. Red cell lipids 




Patient (n = 3) 

Normal (n = 5) 

Free cholesterol (FC) 

1763* 

1202 ± 103 

Total phospholipids (PL) 

3435* 

2604 ± 241 

Lysophosphatidylcholine (L-PC) 

21 (0.6) 

34 ± 18 (1.3 ± 0.7) 

Phosphatidylcholine (PC) 

1738 (50.6)* 

747 ± 73 (28.7 ± 2.8) 

Sphingomyelin (SM) 

546 (15.9)* 

674 ± 49 (25.9 ± 1.9) 

Phosphatidylethanolamine (PE) 

687 (20.0)* 

805 ± 42 (30.9 ± 1.6) 

Phosphatidylserine (PS) 

443 (12.9) 

344 ± 34 (13.2 ± 1.3) 

+ phosphatidylinositol (PE) 



(PC + SM + L-PC)/(PE + PS + PI) 

2.04 

1.27 ± 0.04 

FC/PL ratio 

1.00 

0.90 ± 0.04 


* Significant in P < 0.01. Values indicate gg per 10 10 red blood cells. Numbers in parentheses represent 
percentage of phospholipids. 
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A distinct abnormality was noted in red cell membrane lipids of the patient, par¬ 
ticularly the elevation of free cholesterol, associated with a profound increase in PC 
(Table 17.2) [25]. In contrast, the level of sphingomyelin and the PE content were 
significantly decreased. The ratio of free cholesterol to total phospholipids was 
maintained normally, in spite of these marked abnormalities of red cell membrane 
lipids [25]. Increased free cholesterol in the patient’s red cells was counteracted 
chiefly by the increased PC. 

In the fatty acid composition of total plasma lipids, a shorter chain 16:0 was in¬ 
creased, and unsaturated fatty acids, such as 18:1, were also increased (Table 17.3) 

[25]. For PC extracted from the patient’s plasma, an increase in a shorter chain 16:0 
and a decrease in a longer chain 18:0 were observed. In the case of sphingomyelin, 

16:0 was increased, concomitant with a decrease in 22:0 and 24:0. The 16:0 was 
also increased in PE. In the case of total red cell lipids, a shorter chain 16:0 was 
increased, and longer chains 18:0 and 24:0 were somewhat decreased. Unsaturated 
fatty acids, such as 18:2 and 20:5, were increased. The overall unsaturation index 
(160.8: control 152.1) was significantly increased. In PC, 16:0 was also increased, 
contrary to the decrease in 18:0 as a longer acyl chain. The unsaturation index 
(115.0: control 106.2) was also increased. In the cases of PE, sphingomyelin and 
phosphatidylserine + phosphatidylinositol, no major changes were observed, ex¬ 
cept for a slight increase in the polyunsaturated chains in the PE and phosphati¬ 
dylserine fractions [25]. 

Analysis of electron spin resonance spectra of spin-labeled phospholipids ex¬ 
tracted from the red cells of the patient was carried out (Table 17.4) [25]. 

For the liposomes of total lipids, the liposomes free of cholesterol prepared from 
the red cell membranes, and intact red cells of normal subjects and of the patient, 
the parameter, S, was calculated from results of the ESR spectra. In general, the 
increased free cholesterol content, as observed in the patient, decreases the mem¬ 
brane fluidity, whereas the concomitantly increased PC content enhances red cell 
membrane fluidity [25]. 

In the phospholipid liposomes free of cholesterol, order parameters in ESR were 
decreased over the lower temperature range. In contrast to these results, total lipid 
liposomes, including cholesterol, showed no abnormalities over a wide range of 
temperatures. Thus, the cholesterol-depleted phospholipid liposomes appear to 
possess increased fluidity [25]. 

For the intact red cells, the order parameters of ESR spectra in the patient were 
normal at various temperatures, as with the results for the total lipids with en¬ 
hanced cholesterol. Thus, membrane proteins appeared not to affect the order 
parameters in ESR spectra. 

The membrane fluidity (see Section 2.2.3) is known to be dependent on the type 
of cholesterol (free or esterified), the classes of phospholipid, the molar ratio of 
cholesterol to phospholipids, the saturation of the double bonds, the number of 
carbons in the acyl chains, and the presence or absence of amphipathic com¬ 
pounds such as lysophosphatides. 

Free cholesterol decreases the membrane lipid fluidity, while esterified choles¬ 
terol increases it. PC increases membrane fluidity, and sphingomyelin and PE de- 
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Table 17.4 Membrane fluidity by electron spin resonance (ESR) evaluated by order parameters 
for intact red cells, and liposomes of extracted membrane lipids of the patient with congenital 
lecithin: cholesterol acyltransferase (LCAT) deficiency. 

I. Intact red cells 


Temperature ( Cj 

2T (Parallel) (G) 

2T (Perpendicular) (G) a' (G) 

S 

Lecithin: 47 

52.5 


19.0 

15.1 

0.613 

cholesterol 45 

52.8 


18.8 

15.1 

0.623 

acyltransferase 43 

53.0 


18.6 

15.0 

0.631 

deficiency 41 

53.4 


18.5 

15.1 

0.639 

39 

53.8 


18.4 

15.1 

0.647 

37 

54.1 


18.1 

15.1 

0.660 

35 

54.3 


18.2 

15.1 

0.659 

33 

54.9 


18.0 

15.2 

0.672 

31 

55.5 


17.9 

15.2 

0.682 

29 

56.2 


17.7 

15.3 

0.696 

27 

56.5 


17.6 

15.3 

0.702 

Control 47 

52.6 


18.8 

15.0 

0.620 

45 

52.9 


18.7 

15.1 

0.627 

43 

53.6 


18.5 

15.1 

0.641 

41 

53.8 


18.4 

15.1 

0.647 

39 

54.1 


18.3 

15.1 

0.653 

37 

54.1 


18.2 

15.1 

0.657 

35 

54.8 


18.1 

15.2 

0.668 

33 

55.4 


17.9 

15.2 

0.681 

31 

56.0 


17.7 

15.2 

0.694 

29 

56.3 


17.6 

15.3 

0.700 

27 

57.4 


17.5 

15.4 

0.715 

25 

57.7 


17.3 

15.4 

0.725 

Determinations in triplicate. 






II. Liposomes of extracted membrane lipids 







25 °C 

30 °C 

37 °C 


Phospholipids (Cholesterol minus) 






Normal 1 


0.655 

0.624 

0.592 


Normal 2 


0.660 

0.626 

0.592 


LCAT deficiency 


0.639 

0.609 

0.582 


Total lipids 






Normal 1 


0.705 

0.676 

0.643 


Normal 2 


0.707 

0.679 

0.648 


LCAT deficiency 


0.697 

0.670 

0.644 



In two determinations in two each specimen. 
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Figure 17.2 Schematic diagram of a compensation mechanism of red cell membrane lipid 
fluidity by altering lipid composition in congenital lecithin:cholesterol acyltransferase deficiency. 


crease it. The shorter acyl chain length and the increased unsaturated fatty acids of 
these phospholipids enhance the membrane fluidity, in contrast to the decrease in 
membrane lipid fluidity, through the presence of the longer acyl chain length and 
by increasing the saturation of the fatty acids. Lysophosphatides are known to in¬ 
crease the fluidity. 

The results were summarized as follows (Fig. 17.2). 

Owing to the deficiency of the plasma enzyme, lecithinxholesterol acyltransfer¬ 
ase, free cholesterol accumulated in the patient’s plasma. Thus, the increased free 
cholesterol decreases the membrane lipid fluidity substantially. 

It is interesting to note that, counteracting the higher concentration of free cho¬ 
lesterol, PC was markedly increased, which may ease the decreased fluidity caused 
by free cholesterol. Sphingomyelin in the patient’s plasma was decreased which 
will also alleviate the decreased fluidity. Shorter carbon acyl chains (such as 16:0) 
were increased in the total plasma lipids, PC, sphingomyelin and PE, and longer 
carbon chains were decreased (such as 22:0 and 24:0 in sphingomyelin). Unsatu¬ 
rated double bonds (such as 18:1) were increased in PE and PC. 

These changes affect red cell membrane lipids directly. In red cells, free choles¬ 
terol was markedly increased, which decreased the membrane fluidity. However, 
the concomitant increase in PC leads to an increase in the fluidity, and a decrease 
in sphingomyelin and in PE also tends to increase the fluidity. The 16:0 was in¬ 
creased in total lipids and in PC in the red cell membrane lipids, which may soften 
the membranes. Unsaturated double bonds, such as 18:2, were also increased, as a 
softening effector. 
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Finally, membrane lipid fluidity was investigated using red cell membrane lipo¬ 
somes free of cholesterol. The order parameters in ESR showed increased fluidity 
in the membrane liposomes when free cholesterol was omitted [25]. 

In the same way, the total lipid liposomes including free cholesterol were inves¬ 
tigated with ESR. The order parameter was completely normal [25]. The ESR spin 
label studies on the intact red cells also revealed normal membrane fluidity. The 
results can be interpreted as follows. The increased free cholesterol, which is the 
primary lesion of this disorder, decreased the membrane lipid fluidity. In contrast 
to this, phospholipids were changed in nature, counteracting the increased FC. Thus, 
the overall membrane lipid fluidity was, surprisingly, maintatined normally [25]. 

These results may suggest the presence of a finer self-adaptive control mechanism 
counteracting the lipid abnormalities induced by a hereditary metabolic defect [29]. 

The ESR spin-label studies were also performed in intact red cells, in addition to 
the extracted membrane lipids, as mentioned above, in which membrane proteins 
were stripped from the whole intact red cells. The results on intact red cells showed 
normal membrane fluidity in the patient. Thus, the increased free cholesterol was 
also counteracted by self-adaptive softening effectors, which keep the patient’s red 
cell membrane fluidity normal. 

Finally, since Ca 2+ has pronounced effects on membrane fluidity, the possibility 
exists that divalent cations, especially Ca 2+ , may be involved in the self-adaptive me¬ 
chanism, and not merely lipid and fatty acid alterations. Thus, calcium contents in 
plasma and in red cells were determined in 54 normal subjects and in patients 
with lecithin xholesterol acyltransferase deficiency. There were no significant differ¬ 
ences in plasma calcium between normal subjects (103 ± 39 gg mL -1 ) and those 
with lecithin:cholesterol acyltransferase deficiency (98 ± 29), and in red cell cal¬ 
cium between normal (1.02 ± 0.61 gg mlT 1 red cells) and lecithinxholesterol acyl¬ 
transferase deficiency (1.13 ± 0.49), respectively. These results indicate that the ef¬ 
fects of Ca 2+ are unimportant, even in the intact red cells. 

These results will help in our understanding of the physiological homeoviscous 
adaptation mechanism [29] in the membrane lipids of patients with altered lipid 
metabolism. 


17.3 

(I-Lipoprotein Deficiency (Acanthocytosis) 

Abetalipoproteinemia is characterized by an association of acanthocytosis (Fig. 17.3) 
with atypical retinitis pigmentosa, progressive ataxic neurologic disease, and a celiac 
disease-like lipid malabsorption [3]. This disorder with autosomal recessive inheri¬ 
tance was first described by Bassen and Kornzweig in 1950 [30]. There are no ex¬ 
amples of an affected parent and child. Subsequently, preparative ultracentrifuga¬ 
tion confirmed the virtual absence of low density lipoproteins (LDL) in patients with 
homozygous abetalipoproteinemia. The malabsorption involves triglycerides, with a 
defect at the level of the intestinal epithelium. The absence of P-lipoproteins is a 
unifying feature and the first clue to the underlying mechanisms. 
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Figure 17.3 Scanning 
electron micrograph of 
red cells in congenital 
(3-lipoprotein deficiency 
(acanthocytosis). 



In normal human beings, very low density lipoproteins (VLDL) and chylomi¬ 
crons, which transport triglycerides to peripheral tissues through peripheral 
blood, are major lipoprotein secretary products of the liver and intestine, respec¬ 
tively [5]. Each class of these lipoproteins contains a protein of very high molecular 
weight (a B apolipoprotein) that is essential for the secretion of the lipoprotein par¬ 
ticle and that has a very high affinity for lipids. There are two translation products 
of a single structural gene for B apolipoproteins [31]. The B apolipoprotein ofVLDL 
and LDL is apo B-100, which is a single polypeptide chain of 4536 amino acid re¬ 
sidues and the full-length translation product of the gene [32]. The main species of 
apo B in chylomicrons is apo B-48, which is a single chain of 2152 amino acid re¬ 
sidues identical to the N-terminal portion of the full-sized apo B-100 [33]. 

In abetalipoproteinemia, chylomicrons and all lipoproteins that contain B apoli¬ 
poproteins are absent from blood [34]. The levels of cholesterol and triglycerides 
are markedly reduced, because these lipoproteins carry most of the cholesterol 
and triglycerides in plasma. The content of exogenous polyunsaturated fatty 
acids such as linoleate is decreased in plasma and adipose tissue, indicating ineffi¬ 
cient uptake of dietary fat [34]. The relative content of phosphatidylcholine is re¬ 
duced and that of sphingomyelin is increased. 

We have experienced eight patients from six kindred of abetalipoproteinemia out 
of 1014 cases from 605 kindred with hereditary red cell membrane disorders in the 
Japanese population [35]. The analyses of plasma lipids in one of these patients [35] 
revealed levels of total cholesterol of 31 mg dir 1 (normal: 189 ± 35), free choles¬ 
terol of 11 mg dlT 1 (normal: 49 ± 9), triglycerides of 16 mg dlT 1 (normal: 104 ± 
42), total phospholipids of 32 mg dlT 1 (normal: 173 ± 29), free fatty acids of 
66 mEq IT 1 (normal: 450 ± 150), and |3-lipoproteins of 3 mg dlT 1 (normal: 350 
± 150), indicating striking abnormalities of the plasma lipids. Abnormal plasma 
lipids in other two patients of this disorder are also shown in Table 17.5. In addi¬ 
tion to these results, the fractions of apolipoproteins were also decreased, that is: 
apolipoprotein A-I of 48.4 mg dlT 1 (normal: 115 ± 15), apolipoprotein A-II of 
10.9 mg dlT 1 (normal: 33 ± 6), apolipoprotein E of 3 mg dlT 1 (normal: 4.3 ± 
1.1), apolipoprotein C-II only in a trace amount (normal: 4 ± 1.2 mg dL x ), and 
finally no detectable apolipoproteins (B-100, and B-48; normal: 85 ± 12 mg dL -1 ). 
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Table 17.5 Plasma lipids and red cell lipids in the patients with congenital |3-lipoprotein defi¬ 
ciency (acanthocytosis). 

I. Plasma lipids 


Plasma lipids (mg dL ’) 

Patients 

7 

2 

Normal subjects 

Total cholesterol 

20 

23 

178 ± 32 

Free cholesterol 

16 

16 

49 ± 9 

Esterified cholesterol 

4 

4 

129 ± 20 

Total phospholipids 

25 

27 

75 ± 8 

Phosphatidylcholine (%) 

47.6 

50.4 

69.2 ± 6.3 

Sphingomyelin (%) 

37.5 

35.7 

17.2 ± 2.7 

II. Red cell lipids 

Red cell lipids 

(fig per TO 10 red cells) 

Patients 

1 

2 

Normal subjects 

Free cholesterol 

1364 

1514 

1204 ± 103 

Total phospholipids 

2398 

2591 

2604 ± 241 

Sphingomyelin 

643 

731 

663 ± 73 

Phosphatidylcholine 

493 

565 

733 ± 64 

Lyso-phosphatidylcholine 

20 

23 

39 ± 11 

Phosphatidylserine 

453 

479 

366 + 38 

Phosphatidylethanolamine 

789 

793 

806 ± 86 


The lipoproteins of the LDL exhibit a decreased ratio of lecithin to sphingomyelin 
(almost 1 in contrast to a normal ratio of 2). Nearly half the cholesterol is unester- 
ified as free cholesterol, compared with less than one-third in normal LDL. The 
HDL have an abnormally high ratio of free to esterified cholesterol (0.7 compared 
with 0.3) and a lecithin:sphingomyelin ratio of about 5:4 (compared with a normal 
ratio of approximately 8:1). The levels of vitamin A, and vitamin D were 224 IU 
(normal: 410—1200), and 10.7 ng mL _1 (normal: 10—30). The content of vitamin 
E in this patient was undetectable (normal: 5—20). 

Sensitive detection methods reveal the presence of small amounts of apo B of 
normal molecular weight including a complex with apo (a) [36], or at least of trun¬ 
cated molecules that include the N-terminus consistent with the concept that fail¬ 
ure to lipidate apo B 100 results in cotranslational proteolysis [37]. 

A number of studies provided several pieces of important evidence, that is: (1) 
the apolipoproteins that appear in plasma in abetalipoproteinemia all appear to 
be structurally normal, (2) the apo B gene is basically not involed, (3) the apo B 
detected in liver and intestine in this disorder includes a full-length product, (4) 
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the quantities of B proteins in liver and intestine are less than in normal tissues, 
but levels of apo B message are greatly increased, and (5) abetalipoproteinemia, in 
most cases, is probably due to defects of one or more proteins involved in process¬ 
ing apo B through the secretory pathway for VLDL and chylomicrons. 

As a cause of abetalipoproteinemia, defects in the microsomal triglyceride trans¬ 
fer protein (MTP) are first suggested by the absence of that protein from intestinal 
and hepatic microsomes in affected homozygotes [38]. MTP is known to catalyze 
the transport of triglycerides, cholesterol ester, and phospholipids from phospholi¬ 
pid surfaces, and to be required for secretion of apolipoprotein B containing lipo¬ 
proteins [3, 39—41]. When the MTP gene is mutated, apoprotein B becomes absent 
in plasma, along with each lipoprotein fraction that contains this apoprotein. These 
lipoprotein fractions include chylomicrons and VLDL, which transport triglycer¬ 
ides, and LDL, which are products of VLDL and transport cholesterol. As a result, 
preformed triglycerides are not able to be transported from the intestinal mucosa, 
leading to the absence of triglycerides in the patient’s plasma. 

The MTP gene (GenBank X 59657) [39] is composed of the three functional do¬ 
mains, that is: (1) N-terminal domain (codons 22—297), (2) a-helical domain (co¬ 
dons 298—603), and (3) C-terminal domain (codons 604—894). Mutations of the 
MTP gene [39—42] are: (1) 215 del 1 (exon 2), Q95H (exon 3), 1128 T (exon 3), 

419 ins 1 (exon 4), Q244E (exon 6), and H297Q (exon 7) at the N-terminal domain, 

(2) 1147 del 1 (exon 9), 1344 + 5—»11 del 7 (intron 10), 1401 ins 1 (exon 11), and 
1783C—>T (exon 12) at the a-helical domain, and (3) 1867 + 1, G—»A (intron 13), 

1867 + 5G—>A (intron 13), 1989, G—»A (exon 14), 2212 del 1 (exon 15), and 
2593G—>T (exon 18) at the C-terminal domain, respectively. 

It is not impossible that defects in other elements involved in the assembly, pro¬ 
cessing, and secretion of apo B containing lipoproteins may be present in some 
cases of this disorder, although all published results exhibit defects in the large 
subunit of MTP in abetalipoproteinemia [3, 43]. 

In clinical hematology, acanthocytosis is the hallmark of abetalipoproteinemia. 
Acanthocytes constitute from 50 to 100% of the total red cells in peripheral 
blood [3]. It is interesting to note that this shape change of acanthocytosis appears 
to be derived by contact of the red cells with the patient’s plasma in vivo. 

The lipid composition of red cell membranes in abetalipoproteinemia partly re¬ 
flects the abnormal composition of the plasma lipoproteins [44, 45]. The contents 
of total phospholipids and cholesterol in the red cell membranes are normal or 
greater than in normal red cells, and the sphingomyelindecithin ratio is increased 
from 0.9 to over 1.4 [45]. There is a shift to more saturated fatty acids among the 
sphingomyelin [45]. In our two patients with abetalipoproteinemia, their red cell 
membrane lipids (pg per 10 10 red cells, on average) exhibit 1514 for free cholesterol 
(normal: 1204 ± 103), total phospholipids 2591 (normal: 2604 ± 241), 731 for 
sphingomyelin (normal: 663 ± 73), 565 for lecithin (normal: 733 ± 64), 479 for 
phosphatidylserine (normal: 366 ± 38), 793 for phosphatidylethanolamine (nor¬ 
mal: 806 ± 86), and 23 for lyso-lecithin (normal: 39 ± 11) (Table 17.5). 

The red cells in this disorder appear to gain the acanthocytic shape through an 
abnormal distribution of lipids between the inner and outer leaflets of the mem- 
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brane lipid bilayer. However, the exact molecular basis of the acanthocytic shape is 
not known. It is speculated that it is related to an increase in the surface area of the 
outer leaflet of the membrane lipid bilayer by incorporation of the extra sphingo¬ 
myelin relative to the inner leaflet, because sphingomyelin is normally located pre¬ 
ferentially in the outer leaflet of the membrane lipid bilayer. This preferential ac¬ 
cumulation of sphingomyelin in the outer leaflet may lead to its expansion and 
the formation of a protrusion of the outer surface of the red cells, i. e., acanthocy¬ 
tosis. 

It is surprising to know that red cell membrane lipids in this disorder are main¬ 
tained quantitatively fairly well, compared with the extremely abnormal lipids in 
plasma with a striking reduction of the total cholesterol, triglycerides, and total 
phospholipids. This is because delivery of cholesterol to peripheral red cells ap¬ 
pears to be nearly normal even in the absence of VLDL and LDL. 

The hematological abnormalities are relatively mild and include mild normocytic 
anemia with marked acanthocytosis and normal or slightly elevated reticulocyte 
counts. However, patients may develop more severe anemia due to the nutritional 
(iron and folate) deficiencies that are associated with fat malabsorption. In fact, in 
one of our patients with abetalipoproteinemia, there was a moderate hypochromic 
anemia (red cell counts of 5.51 X 10 12 gLT 1 , and hematocrit of 31.7%) with the 
mean corpuscular volume (MCV) of 64 fL with mild reticulocytosis (1.5%), 
which responded well to iron supplementation. The indirect bilirubin level was 
0.4 mg dlT 1 . The osmotic fragility test demonstrated normal results even after 
the red cells were incubated at 37 °C for 24 h. Sodium transport was not affected, 
that is: sodium influx: 1.13 mmol LT 1 red cells per hour (normal: 1.29 + 0.14), and 
sodium efflux: 0.21 h _1 (normal: 0.24 ± 0.05). Red cell sodium and potassium con¬ 
tents are 20 and 80 mM, respectively. We were able to demonstrate a tremendous 
increment of Ca 2+ influx in this patient (440 nmol mlT 1 red cells per 25 min; nor¬ 
mal: 8 + 2 nmol mlT 1 red cells per 2 h), and increased red cell calcium content 
(1.68 pg mlT 1 red cells; normal: 0.69 ± 0.31). Membrane fluidity of the red cells 
of this disorder appears to be normal (Table 17.6). 

To treat patients with abetalipoproteinemia, the gastro-intestinal symptoms re¬ 
spond to restriction of triglycerides containing long chain fatty acids to about 
15 g per day. It is evident that tocopherol supplementation does inhibit the progres¬ 
sion of the neurological disease and appears to lead to some regression of the 
symptoms [3]. The retinopathy can be prevented if the supplementation is started 
early. The myopathy appears to be reversed under this treatment. In our experience 
on one patient with this disorder, in whom the level of vitamin E was extremely low 
(less than 0.4 gg mlT 1 ; normal: 5—20), the intramuscular administration of vita¬ 
min E (1 mg kg -1 per week) for eight years appeared to prevent the progression 
of the symptoms, and hematological findings are maintained and not worsened 
with approximately 50 % of acanthocytosis. 
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Table 17.6 Membrane fluidity evaluated by electron spin resonance (ESR) method in intact red 
cells of the patients with congenital |3-lipoprotein deficiency (acanthocytosis). 


Primary lesion 

Compensation mechanism 


Membrane 

fluidity 

(overall) 

(3-lipoprotein ^ < 

(Plasma) 

■li Total cholesterol 

(Red cells) 

—► Free cholesterol 
normal ~ increased 


deficiency 

U Total phospholipids 

f i % PC -► 

l T % SM -► 

f i C18: 2 
l 1 24: 1 -► 

—► Phospholipids normal 
i % PC 

T % SM 

T % ps + pi 

i C18: 2 
t C24: 1 

’ Normal 


PC: phosphatidylcholine, SM: sphingomyelin, PS: phosphatidylserine, and PI: phosphatidylinositol. 


17.4 

Hereditary High Red Cell Membrane Phosphatidylcholine Hemolytic Anemia (HPCHA) 

In 1968, the first case of hereditary nonspherocytic hemolytic disease associated 
with altered phospholipid composition of the red cells (HPCHA) was described 
by Jaffe et al. [46]. Since that time, several additional reports have been published 
[47—50]. This hemolytic disease is characterized by a mild hemolytic anemia with 
elevated phosphatidylcholine levels in the red cell membranes and normal plasma 
lipids [46]. The mechanism of the hemolysis has not been described. Similarly, the 
reason that the accumulation of phosphatidylcholine is confined to the red cell 
membranes is not known, although the mechanism for that accumulation has 
been studied extensively by Shohet et al. [51, 52]. 

We experienced a substantial number of these patients with HPCHA; that is, 31 
patients from 19 independent kindred among 1014 cases of hereditary red cell mem¬ 
brane disorders from 605 kindred in the Japanese population over 25 years [35]. 

Increased phosphatidylcholine affects the morphology and membrane functions 
of the red cells. 

Membrane lipid fluidity is dependent on the type of cholesterol (free or esterified), 
the class of phospholipids, the molar ratio of cholesterol to phospholipids, the 
degree of saturation of fatty acids, the length of acyl chains, and the presence or 
absence of amphipathic compounds, such as lysophosphatides (see Section 2.2.3). 
Free cholesterol (FC) decreases the membrane lipid fluidity, while esterified choles¬ 
terol (EC) increases it. Phosphatidylcholine (PC) increases the membrane fluidity, 
and sphingomyelin (SM) and phosphatidylethanolamine (PE) decrease it. Short 
acyl chains and low saturation of fatty acids increase membrane fluidity, and longer 
acyl chains and high saturation of fatty acids decrease it. Lysophosphatides increase 
membrane fluidity. Compensation for an alteration in one or more of these variables 
to maintain normal membrane fluidity has been termed “homeoviscous adaptation” 
by Sinensky [29]. This phenomenon has been observed in Escherichia coli, fungi 
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(Fusarium), Tetrahymena, hibernating squirrels, guinea pig lymphatic leukemia 
cells, and human red cells with lecithin:cholesterol acyl transferase deficiency 
(Section 17.2). To consider the possibility of a similar “compensatory” mechanism 
in the red cell membranes of a patient with hereditary high red cell membrane 
phosphatidylcholine hemolytic anemia, we analyzed the red cell and plasma lipids 
and also determined the membrane fluidity in the intact cells, as well as in lipo¬ 
somes prepared from all of the red cell lipids along with liposomes prepared 
from only the red cell phospholipids. 

The patient is a 68 year old Japanese woman who was found to have a mild un¬ 
compensated hemolytic anemia at age 19 [48]. 

A marked reticulocytosis (17.3 X 10 4 plT 1 ) with normocytic (MCV, 103 fL), 
slightly hyperchromic (MCH, 37.4 pg) anemia (red cell count, 2.62 X 10 6 plT 1 , 
hemoglobin, 9.8 g dlT 1 , hematocrit, 27.1%) was observed. The MCHC was 
36.2 %. There was slight anisocytosis and mild poikilocytosis with occasional target 
cells and stomatocytes (Fig. 17.4). Bone marrow aspiration revealed normoblastic 
erythroid hyperplasia. The WBC count and platelet count were normal. 

The serum chemistry examination was normal except for a slight elevation of bi¬ 
lirubin (direct, 0.4 mg dlT 1 ; indirect, 0.8 mg dlT 1 ). The red cell life span ( 51 CrTi /2 ) 
was 16 days. Red cell osmotic fragility was decreased (minimum, 0.40%; maxi¬ 
mum, 0.26%). Family studies revealed that her two sons were also affected [48]. 

The total lipid content, cholesterol, free fatty acids, triglyceride, phospholipids, 
and P-lipoprotein in plasma were completely normal in the patient [48]. No abnor¬ 
mal lipoprotein fraction was detected. 

The contents of free cholesterol and total phospholipids in the patient’s red cells 
(Table 17.7) were 1765 ± 96 pg per 10 10 red cells (normal: 1202 ± 103) and 3440 ± 
102 pg per 10 10 red cells (normal: 2604 ± 241), respectively [48]. Phosphatidylcho¬ 
line (PC) (1242 ± 59 pg per 10 10 red cells) and sphingomyelin (SM) (777 ± 28 pg 
per 10 10 red cells) levels in the patient’s red cells were increased significantly in 
comparison with control red cells. It should be noted that the ratio of SM to PC 
(SM/PC) was markedly reduced (0.63 ± 0.03), compared with normal controls 
(0.90 ± 0.07) [48]. Phosphatidylethanolamine (PE) and phosphatidylserine con¬ 
tents were 843 + 35 pg per 10 10 red cells and 468 ± 17 pg per 10 10 red cells, respec¬ 
tively, indicating that phosphatidylserine (PS) and phosphatidylinositol (PI) levels 


Figure 17.4 Scanning 
electron micrograph of 
red cells in hereditary 
high red cell membrane 
phosphatidylcholine 
hemolytic anemia 
(HPCHA). 
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Table 17.7 Lipids in plasma and red cells in hereditary high red cell membrane phosphatidyl¬ 
choline hemolytic anemia. 

I. Plasma lipids 



Patient (n = 7) 

Normal (n = 20) 

Cholesterol (mg dlT 1 ) 

191 ± 25 

193 ± 31 

Free fatty acids (mg dL -1 ) 

470 ± 58 

450 ± 150 

Triglyceride (mg dL -1 ) 

88 ± 31 

95 ± 65 

Phospholipids (mg dL -1 ) 

152 ± 32 

180 ± 20 

P-Lipoprotein (mg dL j 

405 ± 74 

350 ± 150 

Lipoprotein fraction 

Normal 


Phospholipids (%) 

Lysophosphatidylcholine 

3.8 ± 2.1 

5.5 ± 1.8 

Sphingomyelin 

15.9 ± 2.0 

16.5 ± 2.3 

Phosphatidylcholine 

72.5 ± 11.1 

64.9 ± 12.7 

Phosphatidylserine 

2.0 ± 1.5 

1.7 ± 1.3 

+ phosphatidylinositol 

Phosphatidylethananolamine 

4.4 ±4.3 

4.4 ± 3. 8 

In duplicate determinations (mean value 

± 1 SD). 


II. Red cell membrane lipids 


Patient (n = 4) 

Normal (n = 10) 

Free cholesterol (FC) 

1765 ± 96* 

1,202 ± 103 

Total phospholipids (PL) 

3440 ± 102* 

2,604 ± 241 

Lysophosphatidylcholine (L-PC) 

72 ± 12 (2.1 ± 0.3%) 

34 ± 18 (1.3 ± 0.7%) 

Phosphatidylcholine (PC) 

1242 ± 59* (36.1 ± 1.7%)* 

747 ± 73 (28.7 ± 2.8%) 

Sphingomyelin (SM) 

777 ± 28* (22.6 ± 0.8%)* 

674 ± 49 (25.9 ± 1.9%) 

Phosphatidylethanolamine (PE) 

843 ± 35 (24.5 ± 1.0%)* 

805 ± 42 (30.9 ± 1.6%) 

Phosphatidylserine (PS) 

468 ± 17* (13.6 ± 0.5%) 

344 ± 34 (13.2 ± 1.3%) 

+Phosphatidylinositol (PI) 

PC + SM + L-PC/PE + PS + PI 

1.59 ± 0.02* 

1.27 ± 0.04 

FC/PL ratio 

1.00 ± 0.02* 

0.90 ± 0.04 

SM/PC ratio 

0.63 ± 0.03* 

0.90 ± 0.07 


The numbers represent pg per 10 10 red cells. The numbers in parentheses represent the percentage of 
phospholipids (mean value ± 1 SD). 

*P <0.01, significant difference. 


were substantially increased in absolute amounts but not in the percentages of the 
total lipids. The ratio of free cholesterol to phospholipids was slightly elevated in 
the HPCHA red cells (1.00 ± 0.02), compared with controls (0.09 ± 0.04). 

Fatty acid composition of the phospholipids revealed that red cell phospholipids 
were somewhat less unsaturated than normal controls (Table 17.8). The principal 








Total lipids Phosphatidylcholine (PC) Phosphatidylethanolamine (PE) Sphingomyelin (SM) 
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Total lipids Phosphatidylcholine (PC) Sphingomyelin (SM) Phosphatidylethanol- Phosphatidylserine 

amine (PE) (PS) 

HPCHA Normal HPCHA Normal HPCHA Normal HPCHA Normal HPCHA Normal 

(n = 3) (n = 7) (n = 3) (n = 7) (n = 3) (n = 7) (n = 3) (n = 7) (n = 3) (n = 7) 
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*P <0.01, significant difference. 
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changes seen were moderate reductions of arachidonic and linoleic acids and in¬ 
creases of stearic acid in the patient’s red cells [48]. 

Electron spin resonance studies on membrane lipid fluidity were carried out over 
a wide range of temperatures (15 °C to approximately 47 °C) [48] (Table 17.9). The 
order parameter (S) was calculated from the ESR spectra in the intact red cells, in 
the total lipid (cholesterol-containing) liposomes, and in the pure phospholipid 
(cholesterol-depleted) liposomes. 

In the liposomes of the pure phospholipids of the patient’s red cells, the order 
parameters were lower than those from normal controls. Thus, pure phospho¬ 
lipid liposomes in the HPCHA red cells showed appreciably increased fluidity 
[48]. In contrast, in the liposomes of total lipids containing free cholesterol pre¬ 
pared from the patient’s red cells, the order parameters were slightly lower than 
those from normal controls. The differences, however, were not statistically signif¬ 
icant. 

In the intact red cells, the order parameters of ESR spectra in the HPCHA pa¬ 
tient also appeared to be lower than those in normal controls (Fig. 17.5). The dif¬ 
ferences, however, were minimal and not statistically significant [48]. 

Phospholipids and cholesterol are the major lipids in human red cell mem¬ 
branes. The interactions between phospholipids and cholesterol impose a degree 
of immobility on the portion of the lipid molecules for some distance in the 
lipid bilayer of the red cell membranes. 

The addition of cholesterol to pure phospholipid membranes decreases fluidity 
and increases the order parameters measured by ESR. Fluidity in red cell mem¬ 
branes studied with hydrophobic probes (such as SAL) can be detected by electron 
spin resonance. Membrane fluidity (see Section 2.2.3) is influenced by: (1) the 
amount of free cholesterol; (2) the nature of the phospholipids; (3) the degree of 
fatty acid saturation; and (4) the length of the acyl chains. 

A “compensatory” mechanism for abnormal membrane fluidity has been ob¬ 
served in general biology [29] and also in one example of a hemolytic condition 
in human red cells of lecithinxholesterol acyl transferase deficiency [25]. 

The possibility of a similar mechanism was investigated in the red cells of 
a patient with hereditary high red cell membrane phosphatidylcholine hemolytic 
anemia, in which phosphatidylcholine is increased only in the red cell mem¬ 
branes. 

The fluidity of pure phospholipid liposomes prepared from the patient’s red 
cells was increased significantly, chiefly because of the marked increase of phospha¬ 
tidylcholine, which is intrinsic to the disorder [48]. A change in the phospholipids, 
such as in the class of phospholipids, in fatty acid composition, in saturation/ 
unsaturation, and in carbon number of acyl chains, appeared to compensate 
only minimally for the marked increase in the fluidity caused by the increased phos¬ 
phatidylcholine. 

In contrast, the cholesterol-containing “total liposomes” showed virtually normal 
fluidity, apparently because of the presence of free cholesterol, which made the 
membranes less fluid. Thus, the increased membrane fluidity induced by the in¬ 
creased PC was essentially corrected by the increased cholesterol [48]. 
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Table 17.9 Membrane fluidity by electron spin resonance (ESR) evaluated by order parameters in 
intact red cells, total lipid liposomes containing free cholesterol, and phospholipid (free choles¬ 
terol-depleted) liposomes in red cells of the patient with hereditary high red cell membrane 
phosphatidylcholine hemolytic anemia. 


Tem- Sample 

pera- 

ture 


Order parameter (S) 

Normal P HPCHA (n = 5) A P 

(» = 8) 


37 °C Intact red cells 0.660 ± 0.005 — NS — 0.657 ± 0.006 0.003 ± 0.002 

Total lipid (FC +) 0.648 ± 0.003 — NS — 0.643 ± 0.004 0.005 ± 0.002 ; 

liposomes 

Phospholipid (FC-) 0.606 ± 0.003 — t _ 0.593 ± 0.005 0.013 ± 0.003 

liposomes 

43 °C Intact red cells 0.641 ± 0.004 — NS — 0.636 ± 0.006 0.005 ± 0.003 ' 

Total lipid (FC +) 0.616 ± 0.004 — t — 0.609 ± 0.005 0.007 ± 0.002 ; 

liposomes 

Phospholipid (FC -) 0.581 ± 0.003 — * — 0.565 ± 0.005 0.016 ± 0.002 - 

liposomes 

31 °C Intact red cells 0.690 ± 0.006 — NS — 0.682 ± 0.007 0.008 ± 0.002 ' 

Total lipid (FC +) 0.681 ± 0.006 — NS — 0.672 ± 0.004 0.009 ± 0.002 : 

liposomes 

Phospholipid (FC -) 0.634 ± 0.005 — * — 0.617 ± 0.005 0.017 ± 0.003 - 

liposomes 


NS 


NS 


NS 


FC, free cholesterol; HPCHA, hereditary high red cell membrane phosphatidylcholine hemolytic 
anemia. 

''Significant, P <0.01. **Significant, P <0.02. ('}; NS, not significant. 

Mean value ± SD. 

A, Differences of order parameters between normal and HPCHA. 
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Figure 17.5 Red cell membrane lipid fluidity compensated by alterations of lipid composition in 
hereditary high red cell membrane phosphatidylcholine hemolytic anemia (HPCHA). 
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Fluidity was also examined in the intact red cells of the HPCHA patient. Nearly 
normal membrane fluidity was found in the whole cells. Thus, the overall mem¬ 
brane fluidity was maintained nearly normally in the intact red cells by the in¬ 
creased cholesterol, even with the increased phosphatidylcholine. This suggests 
that in the intact cells, also, the elevated cholesterol seems to compensate for fluid¬ 
ity abnormalities that might otherwise occur because of the elevated PC. Therapeu¬ 
tically, splenectomy in this disorder is not advisable, because no benefical effect has 
been observed [49]. 


17.5 

a-Lipoprotein Deficiency (Tangier Disease) 

Tangier disease is a rare inherited disorder which is characterized by a severe de¬ 
ficiency or absence of normal high density lipoproteins (HDL) in plasma and by 
the accumulation of cholesteryl esters in many tissues including tonsils, peripheral 
nerves, intestinal mucosa, spleen, liver, bone marrow, lymph nodes, thymus, skin, 
and cornea [4]. The finding of virtual HDL deficiency, a low plasma cholesterol con¬ 
centration associated with normal or elevated triglyceride levels in subjects with hy¬ 
perplastic orange-yellow tonsils and adenoidal tissue is pathognomonic for the con¬ 
dition. The plasma concentration of apolipoprotein (apo) A-I is extremely low 
(lower than 3% that of controls). Heterozygous individuals exhibit no clinical 
symptoms but half-normal levels of HDL cholesterol and apo A-I. 

Tangier disease was first discovered in 1961 in the two probands who lived on the 
Tangier island in the Chesapeake Bay, Virginia, USA [53]. Since that time, this dis¬ 
ease has been diagnosed in about 70 patients from 60 families [4]. 

The symptoms of Tangier disease patients result from cholesteryl ester deposi¬ 
tion in many organs, which are frequently part of the reticuloendothelial system. 
Cells other than histiocytes accumulating cholesteryl esters in Tangier disease in¬ 
clude fibroblasts of the cornea, melanocytes, Schwann cells, neurons, and nonvas- 
cular smooth muscle cells. The most characteristic features are histiocytic manifes¬ 
tations. Tangier histiocytes appear as foam cells that contain sudanophilic lipid dro¬ 
plets and occasionally as crystalline material. The droplets within the cytoplasm are 
mostly not bound by membranes, and consist of deposits of cholesteryl oleate out¬ 
side of the lysosomes [4]. 

The bone marrow contained numerous foam cells full of lipid droplets in the 
cytoplasm. Splenomegaly is accompanied by mild thrombocytopenia [54]. The 
cells in the spleen were filled with intracytoplasmic lipid droplets and scattered 
clusters of cholesterol crystals. Lymphadenopathy is not clinically apparent, but 
both normal sized and enlarged lymph nodes exhibit bright-yellow streaks and 
morphologic characteristics similar to those present in the tonsils, and the choles¬ 
teryl ester content is increased by a factor of 100 compared with control lymph 
nodes. Hepatic parenchymal cells are usually not infiltrated with lipids. Liver 
functions are usually normal. The gross appearance of the rectal mucosa is ab¬ 
normal in every case examined and may be the most reliable physical finding. 
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Biopsy of the rectal mucosa or colonic polyps reveals foamy histiocytes throughout 
the mucosa and submucosa. 

The most frequent anomaly of peripheral blood in this disorder is thrombocyto¬ 
penia with platelet counts ranging between 30 000 and 120 000 cells per microliter. 
Hemolysis and hemolytic anemia have been reported with stomatocytosis [55—57], 
which may be secondary to HDL deficiency. The altered red cell morphology may 
be explained by the decrease of cholesterol and increase of phosphatidylcholine in 
the membranes of Tangier red cells [4]. The osmotic resistance was decreased prob¬ 
ably due to the reduced cholesterol/phosphatidylcholine ratio in Tangier red cells. 

The anion transport by band 3 was also impaired. Sodium and potassium fluxes 
were normal. 

Homozygotes of this Tangier disease exhibit a low plasma concentration of total 
cholesterol. The percentage of esterified cholesterol is normal. Triglycerides are fre¬ 
quently elevated to 300 to 400 mg dlT 1 . Plasma phospholipid concentrations are 
decreased to 30 to 50 % of normal values. The sphingomyelin to phosphatidylcho¬ 
line ratio is decreased. The most characteristic feature is the absence of a-migrating 
lipoproteins, as well as the loss of a distinct pre-P band and the presence of a dif¬ 
fuse P-pre-P band, confirming the virtual absence of HDL [4]. The gross lipid and 
lipoprotein compositions of the chylomicrons are normal. The plasma concentra¬ 
tion of HDL-C in Tangier homozygotes is reduced to essentially zero due to the ab¬ 
sence of mature a-HDL [58]. The exclusive presence of apo A-I in pre-P-HDL to¬ 
gether with the failure of Tangier plasma to convert exogenous apo A-I into a- 
HDL are specific biochemical markers which distinguish Tangier disease from 
other familial HDL deficiency syndromes. 

Regarding apolipoproteins, the plasma concentration of apo A-I is markedly de¬ 
creased to approximately 1 to 3 % of normal [4]. Human apo A-I is synthesized in 
enterocytes and hepatocytes as a 267 amino acid long preproapolipoprotein (pre- 
proapo A-I) containing an 18 amino acid peptide and a six amino acid propeptide 
[59—61]. The plasma concentration of apo A-I is also severely reduced to 5 to 10% 
of normal. 

As for the pathophysiology of Tangier disease, HDL deficiency and cholesterol 
accumulation in macrophages of this disorder clearly indicate that the adenosine 
triphosphate binding cassette transporter 1 (ABC 1) plays a key role in the forma¬ 
tion of HDL and in the regulation of cholesterol homeostasis in macrophages 
[62—65], which will be discussed later. However, the exact mechanism is still not 
known. ABC 1 may form a channel within the plasma membrane through 
which phospholipids (sphingomyelin, phosphatidylserine, and phosphatidylinosi- 
tol) and cholesterol are transfered from the inner leaflet to the outer leaflet of 
the plasma bilayer membranes, as a sort of flopper [66, 67]. In exchange, phospho¬ 
lipids, which are more abundant in the outer leaflet (especially, phosphatidylcho¬ 
line), may be transferred from the outer leaflet to the inner leaflet, by ABC 1 as 
a flipper [67]. ABC 1 may not only translocate lipids between the two leaflets of 
the plasma membrane, but also may serve as a protein component of vesicles or 
rafts that target lipids and proteins between lipid-rich intracellular lysosomes 
and the plasma membrane. For example, the multidrug resistance proteins 
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(MDRs) 1 and 3 are important for the trafficking of proteins and lipids between 
intracellular organelles and the plasma membrane [68]. Thus, both the floppase/ 
flippase model and the trafficking model may explain the defective lipid efflux. 
Whatever the exact mechanism is, defective lipid efflux from ABC 1 deficient Tan¬ 
gier cells appears to interfere with the formation of lipid rich HDL. 

The clinical phenotype of Tangier disease is inherited as an autosomal recessive 
trait, and the biochemical phenotype is inherited as an autosomal codominant trait. 
Genetically, the Tangier locus (HDLDT 1; HDL-deficiency Tangier type 1) was 
mapped to 9q31 [69]. The adenosine triphosphate (ATP) binding cassette transpor¬ 
ter (ABC 1) is identified as the defective gene in Tangier disease [62—65]. Mutations 
on this gene have been reported at least in 13 families with this disorder, that is: 
(1) Gln537Arg, (2) G 1764 del (frameshift mutation), (3) Cysl417Arg (abnormal 
splicing), (4) deletion of exons 39 to 48 (truncation), (5) Asn875Ser, (6) Ala877Val, 
Val339Arg, and Ile823Met, (7) Ala877Val, and W530Ser, (8) 110 base pair Alu 
sequences replace 14 base pairs in exon 12, (9) Asn875Ser, (10) two base pairs 
deletion in exon 22 (frameshift), (11) one base pair insertion in exon 22 (frame- 
shift), (12) 14 base pairs insertion following nt 5697 (frameshift), and 138 base 
pairs insertion following nt 5062, and (13) Arg527Trp (deletion of several exons 
suspected). 

The human ABC 1 gene on chromosome 9q31 encompasses 49 exons within 
more than 70 kb of genomic sequence [70]. The cDNA encodes for 2201 amino 
acids [71]. The ATP binding cassettes are formed by amino acid residues 866 to 
1047 and 1879 to 2060, respectively. Each of the two transmembrane domains con¬ 
sists of six transmembrane-spanning segments. The two domains are linked by a 
hydrophobic segment. The transmembrane segments appear to form the wall of an 
aqueous chamber within the plasma membrane. This chamber is opened to the 
extracellular space and to the lipid face of the plasma membrane, but not to the 
cytosol. Substrates of ABC 1 may be transported through this channel. 

There is no specific treatment for Tangier disease [4]. Drugs known to increase 
HDL levels in normal subjects are ineffective in this disorder. Generally speaking, 
patients with Tangier disease have very low levels of LDL cholesterol, so hyper¬ 
cholesterolemia is rarely a cardiovascular risk factor in Tangier disease. Instead, 
hypertriglyceridemia is an independent risk factor for myocardial infarction, 
which is frequently observed in this disorder. Dietary intervention with reduction 
of intake of total fat and especially saturated fatty acids is effective in lowering tri¬ 
glycerides in Tangier disease. 


17.6 

Abnormalities Associated With Other Diseases (Target Cells and Spur Cells) 

In patients with liver disease, the anemia is of complex etiology [1, 2]. Common 
causes of the anemia are blood loss by bleeding, hypersplenism, iron deficiency, 
folate deficiency and bone marrow suppression from excessive alcohol ingestion, 
viral hepatitis, and other factors. 
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There are two major morphological abnormalities in red cells of the patients 
with these hepatic disorders; i. e., target cells, and spur cells (see Section 13.5). Tar¬ 
get cells are associated mainly with obstructive liver disease, whereas spur cells are 
associated mainly with hepatocellular disease. These red cell abnormalities are not 
only present separately, but also are occasionally observed together in clinical prac¬ 
tice. Therefore, the situation is fairly complicated, because the strict differentiation 
of one from the other appears to be difficult depending on the clinical picture of 
these liver diseases. 

The extent of anemia in liver diseases with spur cells is definitely more serious 
than that with target cells, that is: in the former condition in six patients with spur 
cells, hematocrit is 25.4 ± 4.5 %, mean corpuscular volume (MCV) 99.8 ± 11.7 fL, 
reticulocytes 5.8 ± 5.3 %, and total bilirubin 12.5 ± 7.1 mg dlT 1 , in contrast to the 
latter condition in 15 patients with target cells, hematocrit 33.2 + 5.8%, MCV 99.6 
± 11.8 fL, reticulocytes 3.9 ± 1.9%, and total bilirubin 7.3 ± 4.8 mg dL~\ 
compared with those in a normal control, hematocrit 44.1 ± 2.3%, MCV 
89.7 ± 2.6 fL, reticulocytes 1.0 ± 0.2%, and total bilirubin 0.7 ± 0.2 mg dL~\ 
respectively. 

Our studies on 222 cases of various liver diseases indicate that 137 cases (62%) 
demonstrate an increased diameter of peripheral red cells, including 81 cases with 
thin macrocytosis, 39 cases with target macrocytosis, and 17 cases with thick 
macrocytosis. 

Bone marrow in these patients with liver diseases is usually normocellular to hy- 
percellular with the presence of macronormoblasts that differ from megaloblasts. 
Apparent red cell life span (^CrT^) is shortened; that is, less than 24 days in 48 
cases out of a total of 68 cases (approximately 70%), 20 days on average, and 
less than 16 days in 14 cases. Therefore, the results indicate that the red cell life 
span is definitely shortened, but not strikingly so. 

The most frequent complication of liver diseases is red cell membrane abnorm¬ 
alities with target cells. The primary lesions are the cirrhosis of the liver, obstruc¬ 
tive jaundice, hepatitis, and others. In target cells, red cell membrane lipid ab¬ 
normalities are increased free cholesterol and phosphatidylcholine. In our studies 
on red cell membrane lipid analyses in 15 patients with liver diseases accompany¬ 
ing target cells, free cholesterol is 1755 ± 189 gg per 10 10 red cells (normal: 1202 ± 

103), and total phospholipids 3127 ± 389 gg per 10 10 red cells (normal: 2657 ± 

207). The compositions of each fraction of the phospholipids in these patients 
are phosphatidylcholine 1357 ± 157 gg per 10 10 red cells (normal: 883 ± 29), 
sphingomyelin 745 ± 92 (normal: 748 ± 60), phosphatidylethanolamine 757 ± 

60 (normal: 785 ± 23), phosphatidylserine 231 ± 54 (normal: 207 ± 71), and 
lyso-phosphatidylcholine 37 ± 26 (normal: 34 + 21). The marked increments of 
free cholesterol and phosphatidylcholine, which are mainly located at the outer 
leaflet of the red cell membrane lipid bilayer, increase the surface area at the 
outer leaflet, although the content of intracellular hemoglobin is basically un¬ 
changed. This mechanism is most feasible for producing target cells in some 
liver diseases. Target cells will disappear reversibly, when the lipid abnormalities 
in plasma and red cell are normalized. 
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An acquired defect of the enzymatic activity of lecithinxholesterol acyltransfer- 
ase (LCAT) can be observed in liver diseases [1, 2). In this situation, the content 
of free cholesterol is increased and that of esterified cholesterol is decreased in 
the patient’s plasma. In the red cells, the increased free cholesterol and phospha¬ 
tidylcholine are expected. There is no direct quantitative correlation between the 
degree of decreased enzymatic activities of LCAT and that of abnormal red cell 
lipids. 

In liver diseases with target cells, the degree of hemolysis appears to be relatively 
mild, probably because the surface area of red cell membranes is increased in tar¬ 
get cells, and also the pitting function by the spleen of normal size is not excessive 
[ 1 , 2 ], 

In contrast, patients of spur cell anemia exhibit moderately severe hemolysis, 
marked indirect hyperbilirubinemia, splenomegaly, and severe hepatic dysfunc¬ 
tions, as shown above (see Section 13.5). The level of spur cells in peripheral 
blood is more than 20% of the total red cells, which can be confirmed on a wet 
film under light microscopy with the dark field apparatus. The red cell life span 
of spur cells is distinctly shortened probably because of splenic sequestration in 
the presence of splenomegaly. The patients with spur cell anemia exhibit moderate 
to severe anemia, increased reticulocytosis, extensive jaundice, splenomegaly, as¬ 
cites, and hepatic encephalopathy. 

Spur cell anemia can be produced mainly due to acquired abnormalities of red 
cell lipids (see Section 13.5). Free cholesterol is markedly increased concomitant to 
the nearly normal level of total phospholipid content in the red cells. Thus, a molar 
ratio of free cholesterol to total phospholipids in the red cell membrane is clearly 
increased, such as 1.60 compared with 0.95 in normal subjects. In our studies on 
red cell membrane lipid analyses in six patients with spur cell anemia, free choles¬ 
terol is 1917 ± 153 pg per 10 10 red cells (normal: 1202 ± 103), and total phospho¬ 
lipids 2799 ± 282 pg per 10 10 red cells (normal: 2657 ± 204). The composition of 
each phospholipid fraction is 1088 + 54 pg per 10 10 red cells (normal: 883 + 29) of 
phosphatidylcholine, 716 ± 106 (normal: 748 ± 60) of sphingomyelin, 713 ± 53 
(normal: 785 ± 23) of phosphatidylethanolamine, 245 ± 52 (normal: 207 ± 71) 
of phosphatidylserine, and 37 + 21 (normal: 34 + 21) of lyso-phosphatidylcholine, 
respectively. An enormous amount of free cholesterol appears to be transferred 
from plasma to red cell membranes due to the increased free cholesterol/total 
phospholipid ratio in low density lipoproteins, which are laden with excessive cho¬ 
lesterol and are deficient of apolipoprotein A-II. 

The cholesterol-laden, incipient spur cell appears to be detained and conditioned 
by the spleen. Cholesterol may affect the function of band 3 by influencing band 3 
oligomerization or its interaction with other membrane proteins. 

Acanthocytosis due to the deficiency of P-lipoproteins (see Section 13.2) is similar 
to the spur cell anemia in red cell morphology. However, the composition of abnor¬ 
mal red cell membrane lipids is qualitatively different in these two conditions. The 
free cholesterol/total phospholipid ratio is essentially normal in acanthocytosis 
with decreased phosphatidylcholine content concomitant to increased sphingomye¬ 
lin in the red cell membranes, contrary to spur cell anemia, in which, in addition to 
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strikingly increased free cholesterol and total phospholipids, a marked increase of 
phosphatidylcholine is accompanied by a normal sphingomyelin content, leading 
to the strikingly elevated free cholesterol/total phospholipid ratio. The shortening 
of red cell survival is only mild in acanthocytosis. The main reason why spur 
cell anemia demonstrates severe hemolytic anemia appears to be due to the pres¬ 
ence of substantial splenomegaly with portal hypertension, and splenic congestion, 
which are not observed in acanthocytosis. 

One should be aware of alcohol-induced abnormalities for proerythroblasts in 
the bone marrow [1, 2]. In the presence of these abnormalities, the overall clinical 
picture becomes extremely severe, because excessive intake of alcohol induces the 
degenerative vacuoles in the cytoplasm of erythroblasts, especially of proerythro¬ 
blasts more than of mature erythroblasts in the bone marrow. The level of peroral 
alcohol intake to produce the abnormalities appears to be 200—400 g of ethanol per 
day for 5—7 consecutive days, which can induce a definite vacuole formation in the 
cytoplasm of proerythroblasts lasting for 12—14 days. 
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18 

Closing remarks 


The genome exists basically in the nucleus, and its expression is controlled by 
many factors including promoter functions and epigenetic control mechanisms; 
methylation, phosphorylation, acetylation, chromatin packaging, and so on. 

In general, the genome is expressed in the nucleus, and genomic messages are 
transferred via mRNA into Golgi’s apparatus in the cytoplasm to produce the de¬ 
termined proteins. The proteins produced in the cytoplasm are carried by presently 
unknown trafficking transport proteins to the cell membranes. The proteins trans¬ 
ferred near the cell membranes should be incorporated precisely into the deter¬ 
mined positions of the stereotactic ultrastructure of the cell membranes. The pro¬ 
teins, which are placed in order in the cell membranes, are only allowed to express 
their cellular functions (Fig. 18.1). 

With regard to these processes from genotypes to phenotypes, we have actually 
studied the genomic mutations of determined red cell membrane protein genes 
and the protein contents in the cell membranes. However, only some stages of 
these steps have been clarified. Postgenomic investigations will be critical to the 
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Figure 18-1 Schematic diagram of genetic control for morphogenesis in a red cell membrane 
from genetic message to membrane proteins in the membrane in situ. 
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elucidation of the pathogenesis of red cell membrane disorders in the future. 
Clarification of the intracellular trafficking mechanism of membrane proteins in 
the cytoplasm should be one of the crucial topics. 

As for cell-to-cell contact and transducation of cellular message, adhesion mole¬ 
cules and blood group antigens (expressed or cryptic) on the cell surface should 
play their important role. In addition, the membrane lipid macrodomain and 
microdomain, especially membrane lipid rafts, will become one of the major 
targets to investigate a precise mechanism of intracellular protein-lipid inter¬ 
actions in red cell membrane in normal and disease states. 

The exact mechanisms of membrane morphogenesis and of the formation of red 
cell shape have still not been clarified. This problem has been a significant stum¬ 
bling block to elucidation of the pathogenesis of red cell membrane disorders, 
especially hereditary spherocytosis, hereditary elliptocytosis, and hereditary stoma- 
tocytosis, in which abnormal red cell shapes, such as those in microspherocytosis, 
elliptocytosis, and stomatocytosis are hallmarks of these disorders. 

In human beings, the role of the spleen, which determines the survival of red 
cells, normal and abnormal, should be critically considered. 

The enucleation event at the final stage of erythroblasts is still a mystery. 

These processes are totally independent of the genomic states. Therefore, geno¬ 
type is obviously only one of the definite determinants for phenotypic expressions. 
We are now at the dawn of the era of postgenomic investigations. 
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